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PREFACE 


The  Specialists’  Meeting  on  "Advanced  Fabrication  Techniques  in  Powder  Metallurgy  and  their  Economic 
Implications”  in  Ottawa  in  Spring  1976  was  planned  by  a Working  Group  of  the  Structures  and  Materials  Panel  under 
the  same  title.  Planning  started  in  1974  by  preparing  pilot  papers  and  a review  of  the  situation  in  European  NATO 
countries  (AGARD  Reports  R-627  and  R-641). 

It  was  the  intention  to  focus  not  only  on  the  technological  but  also  on  the  economic  achievements  of  powder 
metallurgy  techniques.  The  development  of  improved  materials  qualities  was  of  equal  priority  to  the  reduction  of 
cost,  especially  for  complicated  aerospace  parts  made  from  titanium  or  superalloys.  Reduction  of  the  cost  of  materials 
processing  is  an  important  issue  for  NATO  countries.  For  the  first  time,  organisation  of  a meeting  of  specialists 
mainly  from  the  materials  processing  industry  was  attempted.  It  was  hoped  to  combine  a more  economical  approach 
to  materials  processing,  close  to  the  net  shape  of  aircraft  components,  with  improvements  in  materials  quality, 
especially  with  regard  to  homogeneity  of  structure.  Advanced  powder  metallurgy  manufacturing  techniques  are 
attractive  from  both  aspects  but  especially  where  machining  to  net  shape  dimensions  dominates  the  costs.  Parts  used 
in  jet  engines  are  of  main  interest  but  structural  applications  are  also  included. 

The  first  part  of  the  Specialists’  Meeting,  which  was  attended  by  about  100  participants  from  nearly  all  NATO 
countries,  was  concerned  with  the  production  of  powders.  Four  different  processes  of  centrifugal  atomization  as 
the  predominant  powder  metallurgy  manufacturing  technique  for  titanium  alloys  were  presented.  Argon  and  vacuum 
atomization  of  processes  for  nickel  base  superalloys  were  described  as  alternative  techniques  already  proven  in  volume 
production. 

The  second  part  of  the  Meeting  consisted  of  reporting  the  state-of-the-art  of  techniques  for  consolidation  of 
titanium  and  superalloy  powders  to  near  net  shapes.  All  stages  of  the  production  sequence  were  discussed,  powder 
handling,  canning  techniques,  consolidation,  secondary  metal-working  and  thermal  treatments. 

The  specialists  felt  that  a significant  cost  saving  potential  of  more  than  50%  exists,  using  powder  metallurgy 
processing  compared  with  conventional  manufacturing.  Hot  isostatic  processing  technology  appears  to  have  the 
most  promising  potential  for  production  of  high  quality,  lower  cost  aircraft  components  in  the  near  future.  ^ 

Areas  recommended  for  further  R & D work  included  powder  contamination,  canning  technology,  new  non- 
destructive inspection  approaches  and  a better  understanding  of  deformation  mechanisms  during  compaction.  These 
problems  must  be  overcome  before  detailed  cost  calculations  for  large  scale  production  can  be  made. 

On  behalf  of  the  Structures  and  Materials  Panel  I would  like  to  express  my  thanks  to  all  authors,  recorders, 
discussors  and  especially  to  both  coordinators,  Dr  PW.. Sutcliffe  and  Mr  L.P.Clark,  for  their  outstanding  contributions 
and  cooperation  which  led  to  the  success  of  the  Meeting. 


Wolfgang  BUNK 

Chairman,  Working  Group  on 

Advanced  Fabrication  Techniques  in  Powder 

Metallurgy  and  their  Economic  Implications 
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TRENDS  IN  THE  APPLICATION  OF  ADVANCED  POWDER  METALLURGY 
IN  THE  AEROSPACE  INDUSTRY 


G.  P.  Peterson 
Director 

Air  Force  Materials  Laboratory 
U.  S.  Air  Force  Systems  Conmand 
Wrlght-Patterson  AFB,  Ohio  45433 


When  considering  new  systems,  the  cost  factor  has  recently  entered  In  a way  that  we  have  not  seen  for 
many  years.  In  the  last  five  years,  the  dominance  of  cost  has  outweighed  performance  In  many  cases.  This 
trend  has  created  a fact  - - a way  of  life  - - that  we  all  have  to  face  as  we  develop  our  military  and 
aerospace  systems. 

About  five  years  ago,  we  entered  Into  a substantial  analysis  of  a variety  of  jet  propulsion  and  air- 
frame components  - - typified  by  the  superalloy  turbine  disk  shown  in  Figure  1.  We  tried  to  break  out  the 
cost  to  find  where  the  dollars  were.  By  Identifying  the  high  cost  centers,  we  could  then  address  techno- 
logical approaches  that  would  help  us  reduce  those  costs.  We  literally  looked  at  thousands  of  components 
throughout  the  Industry  In  the  United  States.  We  followed  them  all  the  way  from  the  raw  material  suppliers, 
through  the  parts  producers,  to  the  prime  contractors.  The  dominant  factor  was  metal  removal.  We  found 
this  factor  prevalent  In  most  of  the  aeropropulslon,  and  many  of  the  airframe  applications.  This  drove  us 
immediately  to  look  at  why  metal  removal  costs  are  so  high.  Typically,  we  buy  ten  to  twenty  times  the 
material  which  we  need  and  machine  away  up  to  95  percent  of  It.  With  raw  material  costs  escalating  plus 
extensive  machining,  we,  therefore,  ended  up  with  parts  that  were  extremely  expensive.  Currently,  disks 
in  our  propulsion  systems  run  on  the  order  of  $20,000  to  $35,000  each  In  both  titanium  and  superalloys. 

We  are  looking  at  very  high  cost  components  primarily,  we  believe,  because  of  the  very  poor  "buy-to-fly" 
ratios. 

I noted  that  materials  costs  are  rising.  Figure  2 shows  the  dramatic  increases  In  the  last  two  years. 
Moreover,  it  Is  my  personal  forecast  that  these  prices  will  go  up  still  more  by  1980.  Thus,  the  raw 
materials  which  used  to  account  for  about  11  percent  of  the  part  cost  will  become  a more  dominant  cost 
factor.  This  means  that  we  must  seek  ways  to  buy  as  little  material  as  possible  and  efficiently  trans- 
late It  Into  the  end  product.  In  addition  to  reducing  the  amount  of  material  utilized,  we  can  also  pur- 
sue reduced  machining  costs  by  getting  closer  and  closer  to  net  shapes. 

The  basic  approaches  to  net  shapes  Include:  Isothermal  forging  which  Is  already  being  used  for 

several  parts,  more  extensive  use  of  casting,  a net-shape  process,  and  powder  metallurgy.  1 truly  believe 
that  powder  metallurgy,  at  this  Juncture,  looks  like  our  brightest  hope  for  achieving  net  shapes. 

If  we  look  at  the  way  we  currently  make  a component,  such  as  a turbine  disk.  Figure  3 shows  that  you 
start  with  a 200  pound  Ingot  and  go  through  a number  of  processing  activities  to  an  ultrasonic  outline  at 
70  pounds  and  then  to  a final  part  weight  of  11  pounds.  A large  part  of  the  cost  Is  machining.  Again, 
this  says  that  we  need  a way  to  go  from  the  raw  material  step  to  the  final  product  step  with  as  close  as 
possible  to  net  shape  - - Ideally  the  net  shape  Itself.  There  Is  a tremendous  amount  of  money  to  be  saved 
in  labor  and  processing  utilizing  a minimum  number  of  steps.  Therefore,  this  accounts  for  the  excitement 
over  powder  metallurgy. 

In  Figure  4,  you  can  see  for  conventional  practice  a materials  cost  of  about  20  percent.  Five  to 
seven  years  ago  this  would  have  been  In  the  region  of  10*.  Although  material  costs  have  risen  dramatically, 
machining,  at  55*,  Is  the  dominant  cost. 

We  have  current  activities  underway  which  we  believe  In  the  short  term  (that  is,  over  the  next  3 to  4 
years)  can  result  In  a savings  of  about  12  percent  as  we  get  closer  to  net  shape  and  reduce  the  machining 
cost.  It  Is  the  reduction  of  this  machining  cost  which,  at  this  juncture.  Is  being  emphasized  by  us.  I 
believe  that  the  ultimate  potential  of  the  technology  and  the  reason  for  all  of  the  enthusiasm  rests  in  a 
potential  cost  savings  of  about  50  percent.  We  believe  these  savings  will  be  real  and  that  this  kind  of 
cost  savings  potential  Is  available.  The  process  which  happens  to  be  spelled  out  here  Is  Hot  Isostatic 
Pressing  (HIP).  I'll  talk  more  on  that  In  a moment,  but  we  believe  there  are  a variety  of  ways  to  get  to 
these  kinds  of  cost  savings,  with  HIP  being  one  of  the  more  promising.  There  are,  however,  certainly  other 
approaches  available  In  terms  of  powder  consolidation. 

There  are  two  major  thrusts  to  our  current  program  activities.  One  Involves  the  preparation  of  the 
powder.  You  will  hear  about  this  aspect  In  much  greater  detail  In  some  of  the  other  papers  which  are  in- 
cluded in  the  proceedings.  I merely  want  to  point  out  from  a management  standpoint  that  the  state-of-the- 
art  In  titanium  powder  is  not  where  It  should  be.  While  Figure  5 denotes  that  the  Rotating  Electrode 
Process  (REP)  quality  as  "good",  I consider  this  as  "spotty  good",  with  much  Improvement  to  be  made.  At 

this  time,  REP  is  not  a production  process  for  high  quality  powder.  There  is  potential  within  that  pro- 

cess, as  well  as  several  others,  for  obtaining  Improvements  In  quality.  I certainly  do  not  want  to  leave 
you  with  the  impression  that  the  titanium  powder  situation  Is  one  In  which  we  can  rest  comfortably.  There 
is  much  to  be  done  In  the  area  in  terms  of  cost,  as  well  as  quality.  You  can  see  In  Figure  5 that  REP  runs 

$25  to  $35  per  pound;  that  is  an  unacceptable  price  to  pay  for  powder.  Therefore,  you  will  see  great 

activity,  both  domestic  and  International,  In  terms  of  processes  which  will  Improve  both  the  quality  and 
cost  of  titanium. 

In  the  REP  technique,  which  currently  represents  one  of  our  only  sources  for  prealloyed  titanium 
powder,  a consumable  titanium  electrode  is  rotated  against  a non-rotating  tungsten  electrode.  This  Is 
shown  schematically  in  Figure  6.  One  of  the  problems  is  contamination.  Also,  we  are  not  satisfied  with 
the  economics  of  the  process.  Currently,  developmental  activity  to  solve  both  these  problems  Is  underway, 
we  are  removing  the  contamination  as  well  as  enhancing  the  economics  of  this  process. 
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I believe  that  we  cannot  afford  a singular  approach  - - for  example  the  REP.  This  area  is  wide  open 

for  innovative  thinking  and  new  concepts  and  I urge  you  all  to  consider  efforts  in  this  area.  It  could  be 

very  profitable  and  important  to  the  development  of  titanium  powder  metallurgy. 

Other  potential  powder  sources  are  noted  in  Figure  7.  Activity  is  not  restricted  to  the  United  States. 
We  see  that  Leybold  Heraeus  from  Germany  and  AERE  from  the  United  Kingdom  are  Involved.  This  is  a cross- 
section;  there  may  still  be  others.  As  I said,  the  area  is  open  for  contributions.  There  is  a potential 

for  substantial  payoff  for  those  who  can  devise  Innovative  processes  for  high  quality,  low-cost  titanium 

powder. 

The  superalloy  powder  situation,  from  our  perspective,  is  a little  bit  different.  We  believe  the 
quality  of  superalloy  powder  is  good.  In  Figure  8 are  shown  some  of  the  key  techniques  for  making  the 
powder  and  the  capacities.  The  major  drive  we  would  like  to  see  is  a further  reduction  in  cost.  This  Is 
a dominating  factor  and  we  would  like  to  see  these  prices  come  down.  As  I noted,  it  is  our  assessment  that 
quality  is  good  enough  today  to  put  it  into  production  parts.  In  fact,  as  many  of  you  know,  IN-100  powder 
parts  are  going  into  the  F-100  engine.  In  the  superalloy  situation,  therefore,  activity  directed  towards 
cost  reduction  is  appropriate. 

let  us  now  move  from  the  powder  Itself  to  the  consolidation  processes.  It  Is  this  area  <n  which,  In 
the  United  States,  most  activity  will  center  in  the  near  term.  As  shown  in  Figure  9,  there  are  a number 
of  techniques  available.  In  addition  to  HIP  (which  was  mentioned  earlier),  the  list  Includes  Press  and 
Sinter  as  well  as  Extrusion.  Some  of  the  size  and  shape  limitations  are  also  noted. 

Dwelling  for  a moment  on  HIP,  Figure  10  shows  a process  schematic.  We  see  the  use  of  molds,  filling 

the  powder,  the  HIP  Itself,  and  end  with  a finished  part.  Pressures  Involved  are  fairly  high  - - about 
15,000  psi.  I believe  we  all  have  to  think  in  terms  of  processes  In  which  the  capital  equipment  costs  a e 
minimized.  HIP  is  expensive.  I want  to  state  unequivocally  that  the  United  States  has  not  finalized  on 
HIP  as  the  only  way  to  go.  Other  processes  and  techniques  will  have  to  be  considered.  Admittedly,  however, 
at  this  juncture,  much  of  our  activities  are  geared  around  HIP. 

The  largest  HIP  facility  currently  In  operation  Is  at  Battelle  Memorial  Laboratories , Columbus,  Ohio. 
This  unit  is  capable  of  temperatures  up  to  2400°F  and  pressures  to  15,000  psi.  The  working  chamber  is  4 
feet  in  diameter  and  10  feet  long.  As  we  start  to  think  about  production  applications,  we  recognize  that 
this  kind  of  equipment  is  extremely  expensive.  This  is  one  of  the  drawbacks  to  HIP,  although  I should 
note  that  any  alternative  process  may  also  have  drawbacks  In  one  sense  or  another.  Nevertheless,  these 
high  costs  will  certainly  stimulate  us  to  look  at  other  consolidation  methods.  Here,  again,  imagination 
and  innovation  are  required.  We  are  at  an  early  stage  in  the  technology  and  I urge  you  all  to  look  at 

alternative  ways  to  consolidate  the  powders.  This  will  be  a key  factor,  maybe  TH£  key,  to  the  future  of 

this  technology. 

Some  other  approaches  are  noted  in  Figure  11.  Let's  look  for  a moment  at  vacuum  hot  pressing  - - to 
give  you  an  example  of  some  of  the  differences.  As  noted  In  Figure  12,  we  are  now  talking  about  pressures 
on  the  order  of  1000  psi  and,  therefore,  there  are  dramatic  differences  In  the  type  of  equipment  required. 

I believe  there  are  going  to  be  a number  of  different  approaches,  each  of  which  may  have  certain  advan- 
tages. At  this  stage  of  the  process  selection,  we  are  still  looking  for  the  best  approaches.  Again,  I 
reiterate,  there  will  be  much  activity  In  the  United  States  geared  to  the  development  of  new  consolidation 
processes.  They  are  critical  to  the  future  of  this  new  technology  In  terms  of  both  quality  and  economics. 

As  we  look  at  powder  metallurgy,  the  reason  for  the  great  Interest  In  the  United  States,  and  through- 
out the  NATO  member  nations.  Is  the  cost  reduction  potential.  That  Is  the  main  driving  force.  There  are 
other  advantages,  however,  and  I feel  that  It  is  important  to  note  some  of  these.  In  the  long  run,  they 
may  turn  out  to  be  very  large  driving  forces  in  themselves.  As  shown  In  Figure  13,  these  Include  things 
like  improved  properties.  We  believe  that  we  can  achieve  properties  better  than  wrought  properties,  in 
some  cases.  We  believe  there  are  advantages  In  terms  of  uniformity,  machinability  and  our  ability  to  In- 
spect. I'll  touch  more  on  that  In  a moment.  The  powder  process  also  affords  us  the  ability  to  produce 
alloys  which  can  not  be  made  by  any  other  process.  Thus,  It  can  open  new  materials  horizons  to  us.  These 
are  significant  advantages  and.  In  many  cases,  may  be  a dominant  advantage.  And  so,  as  we  look  to  the 
future,  I don't  - - and  I do  not  think  any  of  us  should  - - think  of  powder  metallurgy  as  simply  a cost- 
reduction  approach.  It  certainly  has  that  potential  and  It  would  be  foolish  to  overlook  it.  My  point  Is 
that  It  Is  bigger  than  that,  and  these  other  factors  may  be  dominant  as  we  go  Into  the  future. 

Looking  briefly  at  properties,  both  titanium  and  PA-101  superalloy,  are  compared  with  specification 
values  in  Figure  14.  We  find  ourselves  with  very  satisfactory  properties.  While  there  Is  much  more  data 
to  be  generated,  we  are  close  to  a statement  that  would  say  powder  metallurgy  Is  going  to  offer  us  at  least 
equivalence  and.  In  many  cases,  advantages  over  wrought  properties.  Again,  a lot  more  data  has  to  be 
generated,  but  at  this  juncture.  It  looks  extremely  promising. 

I believe  that  ultimately  powder  metallurgy  will  afford  us  Improved  Inspectabll 1 ty . However,  In  this 
drive  towards  net  shape,  we  find  non-destructive  Inspection  (ND1)  playing  a very  Important  role.  Our 
ability  to  accept  net  shapes  requires  the  matching  development  of  an  ND1  capability  to  assure  that  you  can 
legitimately  Inspect  these  parts  and  put  a stamp  of  approval  on  them.  This  Is  critical  to  us.  And  so  we 
find,  and  you  should  be  aware,  that  net  shape  technology  may  be  thwarted  by  an  Inability  of  NDI  to 
accurately  and  reliably  determine  the  quality  of  the  parts.  In  the  United  States,  we  are  extending  a two- 
pronged effort  to  match  NDI  to  the  powder  consolidation  activities.  This  Is  critical  If  you  are  going  to 
use  net  shapes  In  actual  applications. 

There  are  some  additional  considerations  noted  In  Figure  15.  Again,  all  of  these  are  positive 
factors  for  powder  metallurgy.  In  the  environment  we  are  now  In,  and  I know  you  are  In  also,  we  find 
energy  conservation  a major  Issue.  We  believe  that  powder  metallurgy  will  offer  substantial  savings  of 
energy,  particularly  In  terms  of  a reduction  In  machining  required  up  and  down  the  line.  Ecologically, 
there  Is  absolutely  no  comparison  between  the  way  powder  parts  are  manufactured  and  the  way  we  conven- 
tionally go  from  Ingot  to  billet  and  on  down  to  the  final  hardware.  We  are  now  forced  to  live  with  these 
considerations  In  production  and  powder  metallurgy  can  offer  major  technological  advantages. 


VII 


We  must  also  consider  strategic  materials  conservation.  We  do  not  have  all  of  the  raw  materials  that 
we  need;  they  are  going  to  run  out.  Therefore,  we  must  become  more  efficient  in  their  utilization.  We  can 
no  longer  afford  to  take  20  pounds,  machine  It  down  to  one  pound,  and  throw  19  pounds  away.  This  reduction 
of  input  weight  Is  a major  advantage  which  will  have  a growing  importance  to  all  countries. 

As  we  look  to  the  future.  I've  summarized  our  requirements  in  Figure  16.  We  will  be  looking  at  Im- 
proved powder  production  techniques  for  high  quality.  This  will  be  directed  primarily  to  titanium  but 
we  certainly  will  look  for  Improvements  In  superalloys  as  well.  I look  for  the  major  thrust  to  Involve 
titanium  quality  and  the  cost  of  both  metals. 

In  terms  of  consolidation  methods,  the  powder  handling  and  canning  for  net  shapes  are  arenas  for  in- 
novation. We  want  to  obtain  a proouct  which  is  economical  and  does  not  involve  a massive  capital  invest- 
ment. We  also  want  to  produce  reliable,  consistent  hardware.  Finally,  we've  got  to  match  non-destructive 
inspection  with  our  product  form. 

Looking  at  the  spinoff  potential  in  Figure  17,  with  success  in  this  area,  we  see  expanded  usage  of 
titanium  and  superalloys  in  military  applications.  I believe  that  powder  metallurgy  can  open  opportunities 
for  titanium  in  areas  where  we  would  like  to  use  it,  but,  because  of  the  cost,  we  currently  use  steel  or 
aluminum  instead.  A 50  percent  reduction  In  part  cost  would  certainly  result  In  substantially  expanded 
use.  I'm  not  as  optimistic  in  terms  of  expanding  the  applications  of  superalloys,  although,  I believe 
that  we  can  make  the  current  applications  much  more  efficient. 

We  believe  that  spinoffs  to  commercial  aviation  will  be  fairly  direct  and  immediate.  Thus,  we're  not 
restricted  to  military  applications.  There  are  already  powder  parts,  although  not  of  superalloy  and 
titanium,  in  the  commercial  marketplace.  A spinoff  of  these  products  could  result  in  a significant  market 
in  the  non-aerospace  arena.  That  is  difficult  for  me  to  forecast,  since  it's  not  my  background.  However, 

I do  believe  that  low  cost  titanium  can  open  up  significant  consumer  markets. 

The  last  items  in  Figure  17  concern  translation  of  this  technology  to  other  materials.  I talked 
primarily  about  titanium  and  superalloy,  but  feel  very  strongly  that  the  technology  will  apply  to  steel, 
aluminum,  and  other  materials  as  well.  For  example,  I believe  it  can  open  up  applications  in  aluminum 
parts  with  much  improved  fatigue  life  compared  to  today's  parts.  This  is  one  limitation  with  current 
aluminum  structures.  Another  possibility  is  aluminum  alloys  with  100  to  150  degrees  higher  temperature 
capability.  And  so,  we  do  not  (nor  should  you)  draw  the  line  on  powder  metallurgy  around  titanium  and 
superalloys  alone. 

I'd  like  to  close  with  one  thought.  There  are  those  who  say  that  the  way  of  the  future  is  with 

composite  materials.  Therefore,  why  do  we  bother  with  improvements  in  metals?  I can  tell  you  that,  from 

my  perspective  in  the  Air  Force  Materials  Laboratory  - - and  I have  been  an  exponent  of  composite  materials, 
a strong  one  - - I do  not  believe  airplanes  of  the  future,  civil  or  military,  will  be  made  100  percent  of 
any  one  kind  of  materials.  I believe  that  in  the  future  we  have  got  to  offer  the  designer  as  many  options 
as  we  can  for  different  vehicles  with  different  missions  and  requirements.  Speaking  to  you  as  a composites 
man,  powder  metallurgy  is  probably  the  brightest  hope  that  we  have  In  metals  that  can  have  an  impact  on  the 
airplanes,  the  weapons  systems  and  the  commercial  systems  of  the  future. 

I leave  you  with  the  message  that,  although  we  have  not  reached  the  top  in  this  technology,  the 
promise  is  bright.  We  have  no  option  but  to  pursue  It  vigorously.  I urge  us  all  to  work  together  coopera- 
tively wherever  and  whenever  we  can.  The  area  is  big  enough  and  important  enough  for  international 

cooperation.  It's  certainly  something  we  should  strive  for  and  the  benefits  would  accrue  to  us  all. 
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• HIGH  TEMPERATURE  ALLOYS  (N1) 
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• STAINLESS  STEEL  (304) 

38 

• TITANIUM  (T1  6-4  BILLET) 
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• DIE  BLOCKS  AND  DIE  STEELS 

20 

Figure  2.  Raw  Material  Price  Increases,  January  1974  to  January  1976 
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Figure  4.  Powder  Metallurgy  Potential  Cost  Savings  for  Typical  Superalloy  Turbine  Disk 


POWDER  PROCESS 

QUALITY 

COST 

($/LB) 

INDUSTRY 

CAPACITY  (LB/YR) 

• ROTATING  ELECTRODE 

GOOD 

25-35 

150,000 

• HYDRIDE  - DEHYDRIDE 

MARGINAL 

45 

26 ,000 

• BLENDED  ELEMENTALS 

MARGINAL 

4-6 

SUFFICIENT 

1 


Figure  5.  Titanium  Powder  Metallurgy  State-of-the-Art  Powder  Production. 
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Figure  6.  Rotating  Electrode  Process 
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Figure  7.  Potential  Sources  for  Advanced  Titanium  Powder  Production 
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Figure  8.  Superalloy  Powder  Metallurgy  State-of-the-Art  Powder  Production 
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Figure  10.  HIP  Process  for  the  Production  of  Near  Net  Shapes  from  Powder 
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• SOFT  CAN  FORGING  (SUPERALLOYS) 

• VACUUM  SINTERING  (SUPERALLOYS) 

Figure  11.  Additional  Consolidation  Methods  for  Advanced  P/M  Products 
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PRESSURE  - 1000  PSI 
TEMPERATURE  - 1750°F 
TIME  - 1 HOUR 

Figure  12.  Vacuum  Hot  Press  (VHP)  for  the  Production  of  Net  P/M  Shapes  in  Titanium 
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Figure  13.  Advantages  of  P/M  Products 
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Figure  14.  Mechanical  Properties  of  Titanium  and  Superalloy  Powder  Consolidated  by  HIP 
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Figure  15.  Additional  Considerations  for  Use  of  P/M  in  Aerospace  Structure 
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Figure  16.  Key  Developmental  Requirements  for  P/M 
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Figure  17 


Spinoff  of  Advanced  P/M  Technology 
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PRODUCTION  DE  POUDRES  D'ALLIAGKS  DE  TITANE 
PAR  FUSION-CENTRIFUGATION  SOUS-VIDE 
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RESUME.  Nous  presentons  dans  cette  etude  un  procede  de  fabrication  de  poudres 
d'al 1 iages  TA6V  et  TA6Z5D  elaborees  par  fusion  centrifugation  sous  bombarde- 
ment  electronique . Un  dispositif  de  capacit*  industrielle  pour  la  production 
de  poudres  metalliques  est  decrit  et  les  carac ter i st iques  des  poudres  ainsi 
Elaborees  sont  exposees.  Des  pieces  massives  ont  ete  mises  en  forme  par 
frittage  et  filage  a chaud  entre  850°C  et  I100°C.  Les  structures  et  les  pro- 
prietes mecaniques  A froid  des  produits  densities  sont  comparees  avant  et 
apres  traitement  thermique. 


Le  titane  et  ses  all iages  presentent  un  interet  considerable  dans  le  tnonde  actuel,  part icul ierement 
dans  le  domaine  aeronautique  ou  tous  les  efforts  tendent  a obtenir  des  proprietes  mecaniques  superieures 
pour  des  poids  de  materiaux  utilises  toujours  plus  faibles.  Cette  notion,  lice  A 1 ' accroissement  des  per- 
formances est  aujourd'hui  temperee  par  des  notions  d'economie  : economie  energetique  quant  au  choix  des 
alliages  utilises  et  quant  au  choix  des  procedes  de  transformation.  En  effet,  le  poids  d'alliage  de  titane 
utilise  pour  realiser  une  piece  est  souvent  10  A 20  fois  superieur  a celui  de  la  piece  finie.  La  metallur- 
gie  des  poudres  permet,  dans  le  cas  des  alliages  de  titane,  d’approcher,  au  cours  de  la  mise  en  forme,  les 
cotes  definitives,  tout  en  conferant  a 1 'alliage  une  plus  grande  horaogeneite  de  structure  en  eliminant  les 
segregations  dues  A la  solidification  de  1 ingots  de  grande  dimension,  segregations  qui  ne  d i spara i ssent  pas 
completeraent  apres  forgeage. 


Les  alliages  A base  titane  etant  sensibles  a l'oxydation,  surtout  a l'etat  divise,  nous  allons 
expose  une  methode  industrielle  de  fabrication  de  poudres  d'all iages  de  titane  elaborees  sous  vide  et 
comparer  rapidement  les  proprietes  mecaniques  obtenues  apres  dens i f icat ion  par  filage  a chaud  et  par  frit- 
tage sous  charge. 


1 - ELABORATION  DES  POUDRES 

1.1.  Description  du  procede.  Le  procede  mis  en  oeuvre  fait  appel  a la  centrifugation  sous  vide  d'un 
alliage  liquide  fondu  sous  lv impact  d'un  faisceau  d'electrons.  Une  1 ingot iore  A axe  vertical  refroidie  i 
I'eau,  re^oit  grAce  .3  un  dispositif  de  chargement  automatique  des  electrodes  de  diametre  50  mm  et  de  lon- 
gueur 200  ran  (figure  1).  L'extremite  de  i'electrode,  maintenue  hors  de  la  lingotier?  est  soumise  A 1 ' im- 
pact d'un  faisceau  d'electrons  issu  d'un  canon  A acceleration  interne.  On  obtient  la  fusion  locale  de 
l'extremite  de  I’electrode,  et  par  centrifugation,  expulsion  de  la  zone  fondue  qui  eclate  en  gout  tel et tes . 
Ces  dernieres  se  solidifient  sur  leur  trajectoire  apres  avoir  heurte  un  ecran  refroidi  a I'eau  qui  permet 
de  limiter  les  dimensions  de  1 'enceinte  A vide,  constituent  le  four  de  fusion,  a des  dimensions  raisonna- 
bles.  Les  spherules  ainsi  formees  sont  recueillies  dans  la  partie  inferieure  du  four.  La  difficult^,  re- 
presentee par  l'ecrasement  des  particules  sur  1 'ecran  refroidi,  a ete  resolue  en  modifiant  la  tension 
interfaciale  entre  la  gouttelette  liquide  et  le  support  jouant  le  role  d'obstacle.  La  capacite  de  produc- 
tion du  dispositif  dans  sa  geometrie  actuelle  en  utilisant  des  electrodes  d'all iages  de  titane  de  50  mm 
de  diametre  est  de  7 tonnes/an. 


1.2.  Composition  des  alliages  etudies.  Deux  alliages  de  titane  ont  ete  etudies.  Les  compositions  nomi- 
nales  sont  les  suivantes  : 
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Parametres  technologiques  de  la  centrifugation.  Les  electrode? 
t§  centnfugees  dans  une  enceinte  A la  pression  de  10"**  torrs 


de  diametre  50  ram  de  ces  deux  allia- 
avec  une  vitesse  de  centrifugation 


de  4000  tours/minute  et  une  avance  de  5 cm/minute  soit  une  vitesse  d'ablation  de  1 'alliage  de  30  kg/heure. 
La  puissance  £lectrique  delivr£e  par  le  canon  en  cours  de  fonct ionnement  est  de  31  KW  sous  une  tension  de 
24  KV. 
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1.4.  Composition  des  poudres  elaborees.  Apres  centrifugation,  1 'analyse  des  spherules  est  la  suivante. 


Spherules 

V 

z 

At 

Z 

Si 

Z 

c 

z 

0? 

z 

N? 

Z 

* 

_ 

. 

Ti 

Z 

TA  6 V 

4,35 

■ 

■ 

Bal. 

TA  6 Z 5 D 





a 

Bal. 

I,a  diminution  de  la  teneur  en  elements  interst it iel s est  plus  sensible  dans  le  TA  6 V que  dans  le 
TA  6 Z 5 D qui  serable  subir  une  legere  carburation  par  1 'atmosphere  carburante  du  four  et  qui  parait  plus 
sensible  A l'oxydation,  probablement  du  fait  de  la  presence  du  zirconium  dans  la  composition  de  l'alliage. 

1.5.  Repartition  granulometrique  et  bilan  matiere.  La  repartition  granulometrique  est  representee  sur 
le  tableau  suivant. 
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1.6.  Kxamens  micrographiques . La  micrographie  des  particules  (figure  2)  montre  1 'aspect  dendri- 
t i que  habituel  du  au  ref roidisseraent  rapide  des  spherules  dans  le  four  A partir  des  conditions  initiates 
de  mise  en  solution.  On  remarque  la  distribution  aciculaire  a ♦ 8 avec  la  precipitation  primaire  de  8 
dans  les  joints  de  grains.  Les  distances  interdendr it iques  de  10  A 20  u traduisent  un  ref roidi ssement 
rapide,  mais  sans  effets  de  trerape,  du  A 1 'absence  de  convection  dans  1 'enceinte  du  four. 

Un  examen  a la  microscopie  elect ronique  ne  montre  pas  de  variation  sensible  dans  la  repartition  des 
elements  entre  le  centre  et  la  Peripherie  des  spherules.  Le  zirconium,  en  particulier,  est  bien  reparti. 

2 - CONSOLIDATION  DbS  POUDRES. 

Deux  procedes  de  mise  en  forme  ont  ete  etudies  en  function  de  diff£rentes  utilisations  potent iel les. 
Dans  ce  qui  suit,  on  va  comparer  - en  utilisant  la  fraction  granulometrique  comprise  entre  315  et  630  u - 
les  alliages  de  titane  densities  en  utilisant  soit  un  procede  de  filage  A chaud  dans  le  domaine  a ♦ 8 et 
dans  le  domaine  B,  soit  un  procede  de  frittape  sous  charge  en  mat  rice  non  rigide  dans  le  domaine  8 essen- 
tiellement.  Le  premier  procede  est  interessant  pour  la  mise  en  forme  des  produits  longs  ou  de  profiles, 
le  second  convenant  mieux  A 1 'elaborat ion  de  produits  plats,  mais  de  grand  diametre  conme  les  disques. 

2.1.  Consolidation  par  filage  a chaud. 

2.1.1.  Description  du  procede.  La  consolidation  des  poudres  a ete  effectuee  en  mettant  en  oeuvre 
un  procede  de  filage  hydrostat ique  a haute  temperature,  grace  A un  dispositif  qui  s'adapte  sur  une  presse 
A filer  convent ionne 1 1 e . Ce  dispositif  est  un  grain  de  poussee  mobile,  situe  A l'arriere  du  conteneur  de 
la  presse  et  assurant  l'etancheite  a l'aide  d'un  joint  en  cuivre  (figure  3).  Cet  ensemble,  uppel£  tete 
d' etancheit#,  est  place  A l'arriere  du  conteneur  de  la  presse  dans  laquelle  on  a prealablement  introduit, 

A la  temperature  choisie,  la  billette  a filer  et  le  t ransmet teur  de  pression  en  quantite  convenable. 


a 


V M 


Le  fouloir  de  la  presse  agit  directeraent  sur  ce  grain  de  poussee  qui  realise,  par  deformation  du 
joint  de  cuivre,  une  etancheite  dynamique  jusqu'A  une  pression  de  13  Kb  (pression  admissible  sur  le  fou- 
loir)  et  pour  des  temperatures  atteignant  1300°C.  On  peut  utiliser  un  tel  dispositif,  soit  en  filage  hydros 
tatique  et/ou  en  compression  isostatique.  Kn  effet,  il  suffit  d'arreter  la  course  du  fouloir  avant  la  fin 
du  filage  de  faqon  A laisser  un  "culot  de  filage"  dans  le  conteneur.  L'examen  de  ce  culot  permet  d'analyser 
la  consolidation  de  la  poudre  apres  une  compression  A la  contrainte  hydrostat ique  utilisee  pour  le  filage. 


2.1.2.  Preparation  de.la  billette  de  filage.  La  poudre  est  disposee  dans  une  enveloppe  cylindri- 
que  en  acier  doux  qui  est  fcrmee  sous  vide  par  bomba r dement  electronique . La  billette  est  rechauffee  dans 
un  four  electrique  et  transformed  avec  un  taux  de  redact  ion  connue  par  une  operation  de  filage  hydrostat ique 
Dans  un  premier  temps,  on  a une  compression  isostatique  de  la  billette  pendant  la  toon tee  en  pression  ; 
ensuite,  la  pression  necessaire  pour  filer  est  atteinte  et  l'alliage  est  ejecte  hors  de  la  filiere. 


2.1.3.  Considerations  techniques 
tues  dans  le  domaine  a ♦ 8 et  8 entre  850 
tance  A la  deformation  K,  en  fonction  de 
pour  une  contrainte  hydrostat ique  donnee. 
donnee  par  la  formule  suivante  : 

K • 


sur  1 'operation  de  filage.  Les  essais  de  filage  qui  ont  ete  effec 
°C  et  I050°C  pennettent  de  determiner  le  coefficient  de  resis- 
la  temperature  et  d'en  deduire  les  rapports  de  reduction  possible 
La  valeur  de  ce  coefficient  de  resistance  A la  deformation  est 

ou  F est  i'effort 

S la  section  du  conteneur 

Ra  le  rapport  de  reduction. 
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La  figure  3 decrit  1 'evolution  du  coefficient  maxima  de  resistance  A la  deformation  pour  les  deux 
alliages  TA  6 V et  TA  6 Z 5 D en  fonction  de  la  temperature  de  filage.  On  trouve  egalement  sur  la  figure  3 
la  comparaison  des  resistances  maxima  a la  deformation  d'un  alliage  TA  6 V,  l'un  file  a partir  de  poudre, 

1 'autre  file  A l'etat  massif  avec  une  gaine  en  acier  doux. 


On  peut  effectuer  les  observations  suivantes  : 

- La  densite  theorique  est  atteinte  quelle  que  soit  la  temperature  de  filage  dans  le  domaine  a ♦ 8 corame 
dans  le  domaine  8. 

- La  resistance  A la  deformation  du  produit  pulverulent  est  plus  faible  que  celle  du  produit  massif  sous 
gaine,  toutes  conditions  operatoires  etant  egales.  II  sera  done  possible  d'obtenir  des  rapports  de 
reduction  plus  importants  a partir  de  billettes  preparees  par  la  metallurgie  des  poudres. 

- L'etat  de  surface  apres  degainage  chlmique  est  legerement  ligneux  (figures  4 et  5).  La  profondeur  des 
defauts  reste  faible  (inferieure  au  l/10e  nm) , mais  elle  est  plus  importante  lorsque  le  filage  est  effec- 
tue  dans  le  domaine  a ♦ 8.  On  observe  une  situation  inverse  pour  le  filage  des  produits  massifs  en  allia- 
ges de  titane  ou  la  profondeur  des  defauts  est  maxima  pour  le  filage  dans  le  domaine  8. 

2.1.4.  Examens  micrographiques . Les  examens  micrographiques  ont  permis  de  determiner  les  domaines 

de  phases  dans  lesquels  on  a effectue  les  filages  corame  le  rnontre  le  tableau  suivant. 


• 

Domaine  a ♦ 8 

Domaine  8 

i TA  6 V 

850.  900.  950°C 

1000.  I050°C 

1 TA  6 Z 5 D 

L_ J 

850.  900.  950.  I000°C 

- . . i 

lOSO’C 

La  taille  des  grains  8 apres  filage  ne  depasse  pas  100  microns,  meme  pour  les  essais  effectues  a 
1050°C.  La  figure  6 rnontre  quelques  aspects  micrographiques  apres  filage. 

2.1.5.  Proprietes  mecaniques.  Les  caracterist iques  mecaniques  de  traction  ont  £te  determinees  a 
1 ' ambiante 

- sur  le  produit  brut  de  filage, 

- sur  le  produit  file  ayant  subi  un  traitement  thermique  de  revenu  de  700°C  - I heure  - 
ref roidissement  a l'air  pour  le  TA  6 V ; et  un  traitement  de  trempe  a l'huile  de  1 heure  A 1050®C  suivi 
d'un  revenu  de  24  heures  A 550°C,  ref roidissement  A l'air  pour  le  TA  6 Z 5 D. 

Lea  figure*  7 et  8 m-ntrent  revolution  des  caract£rist iques  en  fonction  de  la  temperature  de  filage.  On  peut 
faire  les  observations  suivantes  : 

- il  y a peu  devolution  dans  les  propri£t£s  mecaniques  apres  filage  et  aprAs  revenu  pour 
l'alliage  TA  6 V. 

- la  ductility  de  l'alliage  TA  6 V reste  elevee  (I5Z  d ' al longement  A rupture)  et  quasi 
constante  dans  le  domaine  a ♦ 8 come  dans  le  domaine 8 oO  1 ' on  observe  une  diminution  importante  de  la 
limite  elastique. 

- la  forte  augmentation  de  la  charge  A la  rupture  du  TA6Z5D  file  A 950°C  est  obtenue  A 
durtilite  constante. 

2.2.  Consolidation  par  frittage  sous  charge. 

2.2.1.  Desc  iption  du  procede.  La  consol idat ion  des  poudres  de  TA  6 V et  TA6Z5D  a et£  realisee 
dans  un  four  de  frittage  sous  charge  en  matrice  flottante  deformable.  Les  pressions  mises  en  jeu  dans  un 
dispositif  de  frittage  sous  charge  6tant  limitees  au  maximum  A 1000  bars,  il  est  necessaire,  pout  ^liminer 
toute  po^osite  residuelle,  d'operer  A haute  temperature  et  en  tolerant  un  ecoulement  lateral  control^  de 
l'alliage  en  cours  de  densif icat ion.  Il  est  done  pratiquement  impossible  d'ex6cuter  une  consolidation  de 
poudres  d'alliages  de  titane  par  frittage  sous  charge  dans  le  domaine  a ♦ 8. 
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2.2.2.  Preparation  du  container  de  frittage.  La  poudre  d'alliages  de  titane  est  disposee  dans  un 
container  cyl indrique  en  acier  done  l’epaisseur  des  parois  a et#  choisie  en  fonction  du  diaroetre  du  disque 

A densifier.  Deux  pistons  en  graphite  A haute  resistance  permettent  la  compression  de  la  poudre  en  disposant 
entre  cette  derniere  et  le  graphite  des  feuil lards  en  molybdene  pour  eviter  toute  diffusion.  L'ensemble  est 
port#  sous  vide  A la  temperature  de  frittage. 

2.2.3.  Operation  de  frittage.  Du  fait  des  faibles  contraintes  mises  en  jeu,  Le  frittage  est  realise 
dans  le  domaine  B entre  MOO  et  1 1 50°C  apres  un  palier  d ' horoog#n#isat ion  de  30  minutes  A la  raeme  temperature. 
La  compression  est  effectuee  tres  rapideroent  en  60  secondes  entre  500  et  750  bars.  Le  ref roidi sseraent  de  la 
pi#ce  apres  compression  est  control#. 

2.2.4.  F.xamens  micrographiques . Les  examens  micrographiques  (figure  9)  rev#lent  une  decomposition 
de  la  phase  B initiale  avec  la  formation  d'un  lisere  de  phase  a primaire,  princ ipalement  aux  joints  des 
grains.  On  observe  egalement  la  nucleation  et  la  croissance  d'aiguilles  de  la  phase  a.  La  taille  des  grains 
de  l'alliage  TA67.5D  (280  p en  moyenn^)  est  legerement  plus  petite  que  celle  des  grains  de  TA6V  (350  g) 
toutes  conditions  de  frittage  etant  egales.  Apres  frittage,  l'alliage  TA67.5D  presente  une  durete  de  54  Rc 
alors  que  la  duret#  du  TA6V  est  de  52  Re . Nous  n'avons  pas  observe  de  porosite,  ni  de  traces  de  spherules 
constituant  la  poudre  dans  les  coupes  effectuees. 

Un  examen  A la  microsonde  electronique  montre  pour  les  deux  alliages,  un  enrichissement  des  aiguilles 
en  aluminium,  alors  que  le  lisere  entourant  les  aiguilles  du  TA6V  revele  un  enrichissement  en  vanadium  et 
le  lisere  du  TA6Z5D  un  enrichissement  en  molybdene  et  en  zirconium.  Dans  cet  alliage  le  silicium  est  reparti 
de  fa^on  uniforroe. 

2.2.5.  Caract#rist iques  mecaniques.  Les  caracterist iques  mecaniques  de  traction  ont  et#  determi- 
nees  A l'ambiante  sur  le  produit  brut  de  frittage.  Les  resultats  sur  produits  recuits  A differentes  tem- 
peratures seront  publics  ul ter ieurement . Les  resultats  sont  resumes  dans  le  tableau  ci-dessous. 


Press  ion 
de 

R0,2Z 

R 

ar 

2 

frittage 

bars 

daN/ram;> 

daN/mm^ 

z 

Z 

Z 

TA  6 V 

400 

85 

92,7 

6,1 

10,5 

19 

1 

500 

86 

93 

6 

12,2 

30 

• 

T*  6 ZS  D 

400 

87 

94,1 

5 

12 

25 

500 

87 

94 

5 

10,2 

20 

On  peut  faire  leB  remarques  suivantes  : 

- les  carat t er i st iques  mecaniques  de  l'alliage  TA6V  fritte  sont  superieures  A celles  observees  pour 
le  meme  alliage  fondu-forge,  ayant  subi  un  traitement  d ' homogene i sat  ion  de  2 heures  en  B,  un  recuit  sous 
vide  entre  600*  et  900*C.  La  limite  d'elasticite  est  superieure  A celle  d'un  alliage  fondu-forge  lamine  A 
froid  et  recuit  A 8iX)*C.  La  ductilite  (A  1)  est  importante  avec  1 2Z  d ' a 1 longement  A la  rupture,  valeur 
•up#rieur*-  ou  egalc  A celle  des  alliages  lamines  A chaud  et  A froid  et  recuits  a 800°C. 

- les  t ara< t #r i st iques  mecaniques  de  l'alliage  TA6V  fritte  sont  sensiblement  egales  A celles  du 
TA6V  file  avc<  un  rapport  de  reduction  de  14  A une  temperature  superieure  A 1000°C,  c'est-3-dire  dans  le 
domain*  r avec  une  structure  at  i cul a ire. 

- les  facies  de  rupture  en  mi c rof rac tograph i e revelent  pour  les  deux  alliages  une  rupt ure  du  type 
ductile  i cupules. 

CQMCLUSloNS . 

la  f eal  i •*  i n d«  pieces  fritters  ou  fil#es,  presentant  des  caracterist  iques  mecaniques  elevees, 
a pu  etr»-  ii  mm  en  met  t ant  en  oeuvre  la  metal  lurgie  de  poudres  des  alliages  de  titane  avec  pulverisa- 

tion sous  vide. 

♦ I r 1 1 1 4g«  v ui  barge  dans  le  domaine  3,  en  utilisant  une  technologic  d'ecoulement  dirig#  de 
l'aliiag.  de  •press  ion  et  une  vitesse  de  ref roidissement  control#, a permis  la  realisation  de 

i * • ( »•  * • . » r • • f»  »t*  res  i due  1 It,  qui  permet  d'entrevoir  des  solutions  pour  l'obtention  directe  de  pieces 

•ana  tranaf  >r«at inSf  ulterieures. 

s.  j%  teons  i rrtsTt  ier  la  Direction  des  Recherches  et  Moyens-Essais  pour  l'aide  qu'elle  nous  apport#e 
♦ r plus  part u u) itrement  Monsieur  BKSSONNAT  qui  a encourage  cette  etude  et  en  a suivi  le  developpement . 
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FIGURE  2 


Li  fusion  centrifugation  des  alliages  de  titane,  suivie  d un  ref roid 1 ssement 
tres  rapide  entraine  tine  structure  martens i tique  du  type  »'  avec  des  aiguilles 
tres  fines  et  t re s peu  de  phase  i dans  les  ex-joints  de  grain  8 (iisere  hlanc) 
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Structure  dendritique  visible  a la 
surface  d'une  spherule  de  TA  6 Z 5D 


Aspect  macroscopique  des  spherules 
d' alliages  de  titane 


Filafte  du  TA  A V v*v\  poudre 
F i I age  du  TA  6 V massif 


FILE  A OIF 
DE  REDUCE 


Interface  gaine  - TA6V  apres  filage  A 
I050°C 


Interface  gaine  - TAhV  apres  filage  A 
850*C 
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MICROGRAPHIES  O'  ALL  I AGES  DE  T I T ANE  FILES  A 0 IFF E RENTES  TEMPERATURES 
AVEC  UN  RAPPORT  DE  REDUCTION  DE  1 R 
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Le  filage  est  effectue  dans  le  domaine  a.0  . 
mat  rice  i avec  precipites  de  phase  6 (points 


La  structure  reste  inchangee  apres  ref roid isseroent  : 
noirs).  La  vitesse  de  recri stal 1 i sat  ion  est  tres  lente 
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Le  filage  est  effectue  dans  la  partie  haute  du  domaine  m.0  . Une  partie  de  la  phase  6 presente 
au  cours  du  filage  se  transforme  en  phase  x au  cours  du  ref roidi ssement . On  distingue  une 
phase  1 primaire  (claire  et  bien  dessinee  dans  le  TA6Z5D)et  une  phase  a dite  6 transformee, 

aciculai re . 


Le  filage  est  effectue  dans  le  domaine  6.  Les  elements  u-genes  (AtfetO^)  sont  rejetes  aux  joints 
de  grains  0.  Au  tours  du  ref roidi ssement  lent,  la  phase  a precipite  d'abord  aux  ex-joints  de 
grains  0 (lisere  blanc),  puis  ensuitc  en  plaquettes  plus  ou  mo ins  epaisses  a l'intericur  des 
ex-grains  0,  soulignees  sur  la  micrographie  par  des  liseres  noirs  riches  en  elements  0-genes 
(V  pour  le  TA6V  et  Zr-Mo  pour  le  TA6Z5D.  C'est  une  structure  0 transformee.  La  recr i sta 1 1 i sat  ion 

est  tres  rapide  dans  le  domaine  0, 


FIGURE  6 


Limite  elastique 


MECAN I QUES  DU  TA6V  FILE  AVEC  UN  RAPPORT  DE  REDUCTION  14  A DIFFERENTES  TEMPERATURES  DE  F l LAGE 
Trait  plein  : brut  de  filage  - Trait  point  illo  : apres  trait  emetic  thermique 


CARACTERISTI QUES  MECANIQUES  DU  TA6Z5D  FILE  AVEC  UN  RAPPORT  DE  REDUCTION  DE  14  A D I FFERENTES  TEMPERATURES  DE  F I LAGE 

Trait  plein  : brut  de  filage  - Trait  pointille  : apres  traitement  thermique 

• A i-age  TA^ZtL  fritt£  d sous  t '0  bars,  bi*u t it-:  f)ri>  1 1:  ;<  . 


MICROGRAPHIES  D ' ALL  I AGES  DE  T1TANE  FRITTES  SOUS  CHARGE  A I ! 4 0 C 


TA6V  fritte  a I IAO°C  sous  500  bars 


5 > *».•  ' • 


V - 


»*  * 

■ *■••%*;*  - 
.**«*•.•  - 


* 

— ■ 

... 

*y 

>,■ ■ *"  «, 

' ' «y  * 4 j *■  S 

. 

"*TT 

.‘V  . 

, ' 

■Sr 

« 

t-  ■-»  * v-- 

it  *>.»  -£3* ' 

- :,c 

• ' 

■ .V 

TA6Z5D  fritte  3 II40°C  sous 

500  bars 

.I40w, 


La  structure  est  tres  nettement  0 transform^*.  Les  grains  et  les  plaquettes 
de  dimensions  plus  grandes  que  dans  les  structures  filees.  Ce  gross i ssemcnt 
est  du  au  ref ro id i ssement  plus  lent  des  pidces  frittees  sous  vide. 
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FIGURE  9 
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PRODUCTION  OF  TITANIUM  POWDER  BY  THE 
ROTATING  ELECTRODE  PROCESS 

Gerald  Friedman 
Nuclear  Metals,  Inc. 

Concord,  Massachusetts  01742 


Titanium  is  an  important  metal  in  aircraft  gas  turbine  engines  and  for  aerospace 
structural  applications.  It  is  also  among  the  most  costly  engineering  metals  employed 
in  modern  aircraft.  The  high  cost  of  titanium  billet  is  subsequently  multiplied  many- 
fold  - as  much  as  10  and  15  times  - by  "material  utilization  ratios”,  which  relate  the 
weight  of  billet  to  the  weight  of  a finish-machined  part.  One  of  the  most  significant 
contributions  expected  from  titanium  powder  metallurgy  (P/M)  technology  is  the  ability 
of  P/M  processing  to  reduce  the  quantity  of  excess  metal  required  for  titanium  parts  so 
that  the  ratio  of  input  to  final  part  weight  will  be  less  than  2:1.  For  critical  appli- 
cations, such  process  gains  must  be  realized  without  any  compromise  in  properties,  and 
therefore  the  traditional  P/M  technique  of  press-and-sinter  is  inadequate,  since  the  re- 
sidual porosity  inherent  with  such  processing  is  responsible  for  greatly  reduced  levels 
of  ductility,  toughness  and  fatigue  strength.  In  fact,  complete  densif ication  obtained 
through  one  or  more  hot  consolidation  operations  is  considered  to  be  a minimum  require- 
ment for  critical  titanium  P/M  parts.  The  powders  best  suited  to  hot  consolidation  are 
those  combining  high  bulk  density  and  low  surface  area  with  high  purity.  It  is  there- 
fore not  at  all  surprising  that  much  of  the  work  performed  on  titanium  P/M  for  aircraft 
applications  is  based  on  the  titanium  alloy  powders  made  by  the  Rotating  Electrode  Pro- 
cess . 

In  the  Rotating  Electrode  Process,  one  end  of  a rapidly  rotating  bar  (the  consumable 
electrode)  is  melted  by  an  electric  arc  issuing  from  a non-rotating,  non-consumable  elec- 
trode. The  melting  takes  place  within  a large  helium-filled  chamber.  As  the  consumable 
electrode  rotates,  centrifugal  force  causes  the  molten  metal  at  its  end  to  fly  off  in  the 
form  of  fine  droplets  which  coalesce  irto  spherical  "microcastings"  and  fall  to  the  cham- 
ber floor. 

There  are  two  variants  of  the  Rotating  Electrode  Process,  represented  by  the  short- 
bar  and  the  long-bar  REP  machines.  The  short-bar  machine.  Figure  1,  accepts  consumable 
I electrodes  (anodes)  up  to  3-1/2  inch  (9mm)  diameter  by  10-inch  (250mm)  long.  The  entire 

I consumable  electrode  and  the  collet  or  chuck  in  which  it  is  held  are  contained  within  the 

machine  chamber.  After  most  of  the  anode  has  been  converted  to  powder,  the  operator  uti- 
lizes a glove  port  to  remove  the  1-  to  2-inch  (25-50mm)  anode  "stub"  and  replace  it  with 
a new  anode.  Standard  2-1/2  inch  (6.35mm)  diameter  electrodes  are  introduced  into  the 
chamber  through  an  O-ring-sealed  bar  feeder.  Anodes  of  diameters  that  cannot  be  accommo- 
dated by  the  bar  feeder  are  stored  in  an  electrode  box  within  the  chamber  prior  to  being 
introduced  into  the  machine  collet. 

The  short-bar  machine  is  very  useful  for  short  runs  and  for  experimental  (e.g.,  cast) 
alloys  which  may  be  available  only  in  short  lengths  of  various  diameters.  The  productiv- 
ity of  this  machine,  however,  is  not  as  high  as  that  of  the  long-bar  machines  which  can 
produce  much  more  powder  per  hour. 

The  REP  long-bar  machines  consume  2-1/2  inch  diameter  anodes  that  are  up  to  60  inches 
(1500mm)  long.  The  anodes  are  held  in  a collet  outside  of  and  behind  the  machine.  Fig- 
ure 2.  The  rotating  electrode  enters  the  chamber  through  a gas-tight  dynamic  seal,  and 
is  advanced  automatically  into  the  arc.  When  most  of  the  anode  is  consumed,  the  collet 
is  opened  and  retracted  and  a fresh  bar  is  loaded  and  advanced  behind  the  first.  These 
machines  are  thus  far  more  efficient  than  the  short-bar  device,  since  very  little  time  is 
lost  in  the  loading  of  fresh  electrodes,  and  they  suffer  only  small  stub  losses.  A typi- 
cal long-bar  machine  can  produce  titanium  powder  at  the  rate  of  approximately  4000  pounds 
| (1900  kg)  per  week. 

As  described  above,  the  rotating  consumable  electrode  in  this  powder-making  process 
is  the  anode.  The  cathode  for  most  REP  powders  is  regarded  as  non-consumable  and  is  made 
of  thoriated  tungsten  because  of  its  unique  electrical  and  physical  properties:  e.g.,  low 
resistivity,  high  melting  point.  Since  arc  stability  increases  and  the  heat  balance  in 
the  arc  shifts  to  the  anode  in  proportion  to  the  cathode  melting  point,  tungsten  is  the 
preferred  material  foi  non-consumable  arc  melting  electrodes.  In  the  operation  of  the 
arc,  however,  not  eve',  tungsten  is  absolutely  non-consumable,  for  there  must  be  a small 
pool  of  molten  metal  at  the  cathode  tip  to  provide  a source  of  ions,  and  some  of  this  liq- 
uid gets  carried  off  by  the  arc  plasma  flame.  In  addition,  occasional  powder  particles 
fall  upon  and  adhere  to  the  tungsten  cathode  just  back  of  the  arc  region.  As  more  and 
more  titanium  fuses  to  the  tungsten,  the  arc  acquires  the  characteristics  of  the  coating, 
rather  than  the  tungsten  substrate,  and  its  stability  degrades,  adding  additional  droplets 
(particles)  of  tungsten  to  the  powder. 

Although  the  size  and  frequency  of  these  tungsten  particles  is  not  great  and  their 
influence  on  the  mechanical  properties  of  the  tougher  alloys,  such  as  Ti-6A1-4V  and  Ti- 
6Al-6V-2Sn,  is  minimal  we  recoqnize  that  the  tungsten  particles  would  not  be  tolerable  in 
the  more  crack-sensitive  alloys  and  that  it  would  be  best  if  no  REP  titanium  powders  con- 
tained any  tungsten  inclusions.  It  was  therefore  proposed  to  the  U.  S.  Air  Force  that 
Nuclear  Metals  perform  a program  in  which  techniques  would  be  developed  by  which  REP 
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titanium  powder  could  be  made  without  the  use  of  a tungsten  cathode.  A contract  was  sub- 
sequently awarded  to  Nuclear  Metals  whereby  this  objective  would  be  pursued,  and  the  REP 
modification  proqram  has  begun. 

We  concluded,  and  the  Air  Force  concurred,  that  the  most  acceptable  cathode  material 
for  a t i tan  1 urn-producing  REP  machine  must  be  titanium,  of  the  same  nominal  composition  as 
the  anode.  Since  such  a cathode  would  be  less  "ideal"  than  one  made  of  tungsten,  its  nat- 
ural tendency  would  be  to  melt  or  erode.  To  capitalize  on  this  phenomenon,  one  part  of 
our  investigation  is  directed  towards  a double-REP  concept,  in  which  both  the  anode  and 
the  cathode  are  rotating  consumable  electrodes,  both  being  held  in  external  collets  which 
advance  the  electrodes  towards  each  other  in  a "double  long-bar”  mode.  We  are  also  exam- 
ining the  use  of  a massive  non-consumable  titanium  cathode  which  rotates  (at  a relatively 
slow  speed)  for  the  purpose  of  constantly  changing  the  arc-heated  surface.  For  the  imme- 
diate future,  it  appears  most  practical  to  optimize  this  non-consumable  cathode  approach, 
since  it  presents  fewer  engineering  problems  than  the  double  long-bar.  In  the  long  run, 
however,  it  will  obviously  be  most  efficient  to  make  powder  by  the  double  long-bar  tech- 
nique, in  which  the  maximum  amount  of  arc  energy  is  utilized  for  electrode  conversion  to 
powder,  rather  than  losing  some  of  it  as  heat  to  be  transferred  to  the  non-consumable 
electrode's  cooling  system. 

It  is  expected  that  the  titanium  powder  made  by  the  modified  Rotating  Electrode  Pro- 
cess will  possess  the  same  desirable  physical  characteristics  as  that  made  up  to  the  pre- 
sent . 


As  described  above,  the  titanium  electrodes  are  melted  in  the  absence  of  any  cruci- 
ble in  an  atmosphere  of  high  purity  inert  gas,  and  so  the  powder  composition  is  virtually 
identical  to  that  of  the  electrode  from  which  it  is  made.  Particle  size  is  a function  of 
metal  density,  electrode  diameter,  and  electrode  speed.  Typical  attributes  of  an  REP  ti- 
tanium alloy  powder  are  shown  in  Table  I;  scanning  electron  micrographs,  Figure  3,  attest 
to  the  sphericity  and  uniformity  of  the  powder. 

In  conclusion,  the  titanium  alloy  powder  made  by  the  Rotating  Electrode  Process  con- 
sists of  closely-sized,  high  purity  spherical  particles  within  the  range  of  50-500um. 
Although  earlier  REP  powders  had  been  produced  by  a technique  employing  a tungsten  cath- 
ode, this  source  of  contamination  has  been  eliminated  as  a result  of  process  modifications 
which  make  use  of  titanium  cathodes,  in  either  a consumable  or  non-consumable  mode. 


TABLE  I 

CHARACTERISTIC  ATTRIBUTES  OF  REP  Ti-6A1-4V  POWDER 


1.  COMPOSITION 


Oxygen  Oxygen 


Aluminum 

Vanadium 

Standard 

ELI 

Iron 

5.50-6.75 

3.50-4.50 

0.12-0.20 

0.05- 

0.12 

0.3,  Max. 

Carbon 

Nitrogen 

Hydroqen 

Other , 

Total 

Ti 

0.10,  Max . 

0.05,  Max.  0 

.0125,  Max. 

0.4, 

Max . 

Balance 

SIZE 

a) 

Size  Range: 

50-500um 

b) 

Size  Distribution: 

Screen 

Size,  urn:  500 

354  250 

177 

125 

88  63 

44  <44 

Fraction  Retained,  %:  0 

8.3  23.6 

38.8 

19.8 

6.0  2.5 

1.0  1.0 

c) 

Average  Particle  Size:  225um 

3.  DENSITY 

a)  Bulk:  2.69  g/cm3 4 5  (60%  of  theoretical) 

b)  Tap  : 2.90  g/cm^  (64%  of  theoretical) 

4.  FLOW  RATE:  24  sec/50g 

5.  SURFACE  AREA:  0.009  m2/g 


I 


Figure  1 REP  Short  Bar  Apparatus 
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Figure  3.  REP  Ti  6AI  4V,  SEM 
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SUMMARY 

Scope  of  the  new  process  is  manufacturing  of  metal  powders,  especially  of 
titanium  and  nl ckel -super-a 1 loys  of  highest  purity  in  the  most  economical  way.  The 
powder  can  be  of  lOO  % spherical  shape  and  of  50  - 600  micron  diameter  and  of  flake 
size  of  20  - 400  mesh  or  a mixture  of  both. 

High  purity  is  achieved  now  by  processing  in  high  vacuum,  melting  with  the 
programmed  electron  beam  and  atomizing  with  a water-cooled  rotating  disk.  This 
allows  reduction  of  hydrogen  from  Ti-alloys  and  reduction  C,  02,  H2  and  N2  from 
Ni -super-a 1 loys  and  avoids  contamination  of  the  metal  powder  from  the  environment, 
the  heat  source  and  the  atomizing  system. 

Highest  economy  will  be  achieved  by:  largest  quantities  per  load,  cheap  start- 
ing material  by  direct  application  of  cast  or  melted  ingots,  high  atomizing  speed 
of  300  - 250  kg/h  continuous  production  over  several  days,  low  energy  costs 
(O.b  - 0.8  kWh/kg),  low  labour  costs,  high  efficiency  of  nearly  95  % and  constant 
quality  by  full  automatization  of  the  process. 

Filling  the  powder  in  cans  and  vacuum-tight  sealing  of  the  same  by  e.b.  welding 
will  maintain  the  high  purity  of  the  powder  during  transportation  and  storage.  The 
powder  qualities  and  processing  data  show  that  we  can  follow  our  program  achieving 
our  realistic,  promising  goal. 


1 . SCOPE 

When  we  were  confronted  with  the  economical  production  of  metal  powder  of 
highest  purity  we  determined  that  our  main  interest  should  be  laid  on  reactive  me- 
tals and  such  ones  where  a low  oxygen  content  is  essential  to  meet  the  high  demands 
of  PM  parts. 

Before  carefully  studying  the  processes  and  furnaces  available  and  being  under 
development  we  wrote  down  the  scope  of  such  a process.  Bearing  in  mind  that  the 
highly  develiped  aircraft  industry  was  going  to  be  the  most  critical  user  of  the 
powder  to  be  produced  we  have  listed  up  the  demands  for  quality,  which  means  in 
detail:- 

a)  No  contamination  of  the  metal  to  be  melted  and  the  powder  to  be  produced  by 
the  heat  source,  the  atomizing  system  and  the  environment. 

b)  The  gas  content  of  the  powder  should  be,  if  necessary  - e.g.  Ni-super-a 1 loy  - 
as  low  as  possible,  which  means  that  the  melting  process  should  be  a refining 
process . 

c)  The  particle  size  should  be  between  50  and  600  microns,  for  special  applic- 
ation particle  sizes  of  5 - 50  should  also  be  producible. 

d)  The  process  should  allow  to  produce  either  spherical  particles  of  a lOO  % 
density,  smooth  surface  and  high  tap  density  or  flakes  of  20  to  41X3  mesh  with 
a high  green  strength  and  of  very  small  grain  size. 

e)  The  losses  of  volatile  alloy  elements  should  be  neglectable. 

f)  Ihe  process  should  be  automatable  to  achieve  a constant  quality  of  the  pro- 
duc  t . 


since  a product  of  highest  quality  will  only  find  a very  small  field  of 
application  if  the  process  cannot  be  significantly  reduced,  the  second  feature  of 
our  aims  was  the  economical  production  of  high  quality  powder.  In  order  to  bring 
the  powder  price  very  close  to  the  ingot  price  high  economy  can  be  achieved,  if:- 


a)  Large  and  consequent  1 y cheap  loads  can  be  melted  and  atomized  etc.  by  direct 
usage  of  small  and  medium  VAH  and  VIM  Ingots. 

b)  A high  productivity  can  be  achieved  by  having  a high  melting  and  atomizing 
speed,  a continuous  production  over  several  days  and  weeks  and  a high  mat- 
ei  al  efficiency. 

c)  The  costs  for  material  preparation,  powder  packing  and  transportation  and 
quality  control  can  be  kept  down. 


Trying  to  meet  all  these  points  of  our  scope  the  result  must  be  a sophistic- 
ated expensive  furnace.  In  order  to  keep  the  capital  costs  at  a reasonable  level 
it  is  necessary  to  extent  the  application  of  the  furnace  to  all  metals  and  alloys, 
which  means  that  all  metals  with  a melting  point  higher  than  1400°  C should  be 
powderizable  in  an  economical  way. 


2.  PROBLEMS  IN  THE  PRODUCTION  OF  METAL  POWDER 

In  order  to  meet  all  the  above-mentioned  aims  of  the  specification  the 
following  main  groups  of  powder  production  should  be  carefully  considered:- 

Melting  - Atomizing  - Solidification  and  Cooling  and  at  last 
the  most  important  one  - Collection  of  the  Powder. 

In  melting  we  are  convinced  that  the  usage  of  the  electron  beam  as  source  of 
heat,  using  the  end  of  an  electrode  and  vacuum  would  be  the  best  combination  to 
avoid  contamination  of  the  material  to  be  melted  and  atomized.  For  atomization 
we  have  decided  for  a rotating  disc,  because  only  this  system  allows  the  best  con- 
trol of  the  particle  size  and  its  size  distribution.  Solidification  and  cooling 
down  should  be  made  slowly  to  obtain  gas  free  shrinking  holes  even  in  large  part- 
icles. only  energy  transmission  by  radiation  should  be  allowed. 

Collection  of  particles  is  the  most  important  and  most  difficult  problem  in 
high  quality  metal  powder  production.  A collection  of  100  % without  touching  the 
powder  by  any  tool  must  be  a necessity,  in  order  to 

a)  maintain  the  cleanliness  of  the  metal  powder.  Any  handling  would  bear  the 
danger  of  spoiling  the  powder; 

b)  keep  the  tank  clean  and  easily  inspectable  so  that,  if  changing  the  metal  or 
metal  a 1 loy, crosswise  contamination  can  be  avoided. 

Melting,  atomizing  and  cooling  down  in  vacuum  is  especially  very  important  in 
the  production  of  Ti-powder.  Evaporated  metal  can  condensate  in  a massive  layer  on 
the  melting  tank  wall.  Doing  the  same  step  in  a reduced  nobel  gas  pressure  the 
evaporating  metal  condensates  in  a loose  sponge-like  layer,  which  can  be  eroded 
by  the  powder  particles  and  spoil  the  particle  surface.  Arousing  of  explosions 
when  opening  the  tank  must  be  considered  and  avoided  by  well-proven  steps  of  tank 
vent l ng . 


3.  PROCESS 

figure  1 shows  that  the  EBRD  (Electron  Beam  Rotating  Disc)  Process  is  a com- 
bination between  a vertical  drip-melting  process  and  an  atomizing  process  with  a 
rotating  disc. 

The  vertical  fed,  slowly  rotating  electrode  will  be  drip-melted  as  in  all 
drip-melting  furnaces.  The  well  programmed  e.b.  takes  care  for  a pencil-shape  of 
the  electrode  tip,  that  all  material  will  run  down  the  conical  electrode  tip  and 
that  the  material  will  drop  into  the  centre  of  the  rotary  disc. 

The  programmed  beam  provides  that  the  outspreading  metal  film  at  the  disc 
surface  will  be  atomized  at  the  corner  of  the  disc  in  small  particles.  The  size 
of  these  particles  is  given  by  the  surface  tension  of  the  material  to  be  atomized 
and  the  centrifugal  force. 

The  particles  start  to  solidify  on  their  way  to  the  chamber  wall. 

Depending  on  the  process  parameter  it  is  possible  to  produce 

lOO  % spherical  powder  or  Figure  2 

10O  % flakes  or  a convenient 

mixture  of  both  shapes. 
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Also  depending  on  the  beam  programme  the  shape  of  the  flakes  can  be  changed 
between  mlcrospear-heads  and  micro  potato  pancakes. 

In  the  first  stage  of  process  development  the  electrodes  to  be  atomized  are 
of  4 - 6"  diameter  and  16  - 32”  length.  The  atomization  speed  should  be  in  the 
range  of  2 - 4 lbs/mln  and  the  process  Is  of  the  batch  type. 

In  the  second  stage  the  electrodes  could  be  of  8,  probably  10"  diameter  and 
200”  length.  The  atomization  speed  will  be  5 - lO  lbs/min.  The  process  will  be 
cont l nuous . 

In  both  steps  the  powder  will  be  collected  in  vacuum-tight  stainless  steel 
cans.  The  powder  can  be  stored  under  vacuum.  If  the  storing  time  will  last  long 
the  cans  can  be  e.b.  welded. 

As  starting  material  several  types  and  qualities  can  be  used.  Tor  first-grade 
powder  double  melted  VAR-Ti-alloy  ingots  with  sand  blasted  surface  or  single  melted 
VIM-Ni-base  super  alloys  can  be  used.  For  second  grade  powder  large  solid  scrap 
pieces,  scrap  mosaic  electrodes  or  e.b.  consolidated  small  scrap  or  virgin  material 
can  be  used. 

The  application  of  cheap  but  high  value  scrap  material  is  one  of  the  main 
points  to  reduce  the  powder  costs  and  one  of  the  main  advantages  of  the  EBRD  pro- 
cess . 


4.  PRELIMINARY  RESULTS  FROM  A SMALL  LABORATORY  FURNACE 

In  a small  laboratory  furnace  - Figure  3 - we  have  studied  the  function 

of  atomization  with  e.b.  We  have  seen  that  our  ideas  could  be  realized  and  powder 
could  be  produced.  In  the  first  step  we  have  atomized  just  by  bombarding  the  metal 
disc . 

The  chemical  analyses  of  Ti-  and  Ni-alloys  are  given  in  Figure  4.  F'or  Ti  the 
atomization  speed  has  been  around  1 lb/min  and  for  Nl-super-alloys  around 
2 lbs/mln  with  an  e.b.  power  of  only  15  kW . 

The  spherical  particles  have  led  to  a lOO  % density  up  to  a particle  diameter 
of  0.7  mm.  The  grain  size  of  the  Ti-sphericals  is  about  20  microns  for  0.380  mm 
balls  and  about  5-10  microns  for  Ti  micro  potato  cake  flakes. 

The  top  density  of  shperical  Ti-powder  is  approx.  60  %,  of  flakes  approx. 

28  %. 

In  the  second  step  we  have  drip-melted  on  to  the  rotating  disc  and  seen  that 
this  process  works  also  to  our  satisfaction  if  the  e.b.  is  programmed  according 
to  the  sophistication  of  the  process. 

So  far  so  good.  In  the  course  of  development  we  have  been  confronted  with 
housekeeping  problems.  We  have  learnt  how  many  impurities  are  contained  in  a 
visible  clean  high  vacuum  furnace  and  in  the  environment  of  the  furnace. 

The  consequence  of  that  long  development  period  has  led  to  the  decision  to 
build  a production  furnace  which  is  now  ready  for  the  first  test  runs.  This  furnace 
- Figure  5 - is  able  to  atomize  all  metals  with  a melting  point  higher  than  1400°  C. 
It  allows  the  atomization  of  electrodes  of  6”  diameter  and  32"  length  and  can  be 
extended  to  atomize  electrodes  of  10"  diameter  and  200"  length. 


5.  FIRST  RESULTS  FROM  THE  PRODUCTION  FURNACE 

The  results  will  be  shown  during  the  AGARD-Meet ing  in  Ottawa. 


6.  CONCLUSION  AND  ASPECTS 

It  has  been  shown  that  the  electron  beam  rotating  disc  process  offers  the 
possibility  to  produce  economically  very  pure  Ti-  and  Nl-base  super-alloys  in  large 
quantities.  The  existing  furnace  is  applicable  to  a growing  powder  market.  If  the 
market  demands  for  large  quantities  of  second  or  third  grade  powder  the  process 
can  be  changed  so  that  raw  material  or  scrap  can  be  atomized  in  a direct  way  and 
e.  g.  Tl-powder  of  high  purity  can  be  delivered  at  a lower  price  than  double 
melted  Ingots  and  forged  bars. 
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Figure  3:  mall  laboratory  EBHD  atomization  plant 
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SUMMARY 


The  Harwell  Centrifugal  Shot  Casting  (CSC)  process,  which  has  particular  relevance 
l"  the  production  of  titanium  alloy  powders  is  briefly  described.  The  process  is  on.  of 
several  centrifugal  atomisation  techniques  being  developed  throughout  the  world,  in  all 
of  which  the  mechanism  of  disintegration  of  molten  titanium  into  discrete  droplets  has 
many  similarities  Pa  rt  o!  tin-  presentation  to  the  Spec  ial  ists  Meeting  is  in  the  torn 
of  a cinefilm  of  the  melting  of  a titanium  alloy  electrode  and  the  subsequent  atomisation 
as  it  takes  place  in  th<  CSC  process.  In  addition,  calculations  of  the  time  taken  lor 
pure  titanium  droplets  of  50-500pm  diameter  to  solidify  in  flight  art  present'd,  as  well 
as  ih.  distances  traversed  during  solidification.  The  dependence  of  these  parameters 
upon  t he  nature  and  pressure  of  the  inert  gas  environment  is  considered. 


1 . INTRODUCTION 

Th>  highly  reactive  nature  of  titanium  and  its  alloys  towards  interstitial  . lements. 
such  as  0.  N,  11  and  C,  at  elevated  temperatures  severely  limits  possible  melting  routes 
for  these  materials.  In  general  the  source  material  Is  required  to  be  in  the  form  of  an 
electrode,  and  metal  crucibles  into  which  it  is  cast  under  high  purity  environments  must 
be  efficiently  water-  or  liquid  metal-cooled.  The  Centrifugal  Shot  Casting  process, 
which  operates  in  the  manner  of  a consumable  arc  melting  furnace,  with  a rotating 
cruciblt  in  place  of  a stationary  one,  would  therefore  appear  ideally  suited  as  a process 
for  th.  conversion  of  titanium  electrodes  into  relatively  coarse,  high  purity  powders 
for  furth-r  fabrication  by  hot  consol  idat ion  methods.  Indeed,  centrifugal  atomisation 
in  one  form  or  another  is  currently  the  predominant  powder  manufacturing  process  for 
P/M  fabrication  in  h igh-int regri ty  , highly  stressed  applications. 

The  observation  of  the  mechanism  in  the  CSC  process  for  the  disintegration  of 
molten  titanium  into  droplets,  which  subsequently  solidify  to  form  the  discrete  powder 
particles,  has  relevance  to  the  several  centrifugal  atomisation  processes  presently  being 
developed . 

An  important  factor  in  the  design  and  capital  cost  of  a production  unit  for  the 
manufacture  of  titanium  alloy  powders  by  such  a process  is  the  size  of  atomisation 
chamber  required  for  the  solidification  in  flight  of  the  powder  particles;  this 
requirement  ensures  that  the  particles  preserve  their  purity  and  spheroidal  shape  (and 
hence  good  flow  and  packing  characteristics).  Calculations  of  the  trajectory  and  cooling 
of  such  particles  and  their  dependence  upon  operational  variables  is  an  obvious  first 
step  towards  defining  the  required  chamber  dimensions. 

2.  THE  CENTRIFUGAL  SHOT  CASTING  PROCESS 

Th.  process(l)  involves  a stationary  electrode  of  the  material  to  be  converted  into 
powder  and  a rotating  water-cooled  crucible  as  shown  in  Fig.l.  Heating  is  accomplished 
by  an  electric  arc  struck  between  tin-  electrode  and  the  crucible,  which  causes  the  end 
of  the  electrode  to  melt  and  fall  as  molten  drops  into  the  crucible.  Under  the  action 
ol  centrifugal  force  the  melt  moves  up  the  side  wall  to  the  lip  of  the  crucible  where  it 
breaks  up  and  is  ejected  as  droplets.  The  whole  process  of  molting,  atomisation  and 
solidification  takes  place  within  a leak  tight  enclosure  under  a high  purity  inert 
atmosphere,  typically  at  a pressure  in  the  range  0. 3-1.0  atm. 

Under  conditions  of  adequate  collection  chamber  geometry,  the  product  is  essentially 
spheroidal,  of  high  packing  density  and  with  a particle  size  distribution  approximately 
logarithmic  Gaussian,  the  mean  diameter  can  be  controlled  in  the  range  150-lOOOpm  and  the 
geometric  standard  deviation  is  typically  0.3-0. 4.  Purity  can  be  maintained  to  that  of 
the  starting  electrode. 

3.  CINE-PHOTOGRAPHY  OF  THE  CSC  PROCESS 

The  cine-film,  to  he  shown  as  part  of  this  presentation,  examines  two  aspects  of  the 
CSC  process ; 

(1)  The  melting  and  dropwise  consumption  of  a titanium  alloy  electrode  into  the 

rotating  crucible. 


(2)  Thf  disintegration  of  such  drops  of  molten  metal  by  the  action  of  centrifugal 

forces  in  the  region  of  the  lip  of  the  crucible. 

All  the  films,  from  which  sequences  have  been  selected,  were  taken  during  the 
melting  of  (>Omm  diameter  Ti-6A1-4V  alloy  electrodes.  The  arc  acted  as  both  the  power 
source  for  melting  and  as  the  sole  source  of  illumination.  The  electrode  consumption 
was  filmed  in  a horizontal  direction  using  a high  speed  camera  at  500  frames/sec,  the 
electrode  being  withdrawn  out  of  the  crucible  as  far  as  possible  to  enable  its  tip  to  be 
visible.  The  disintegration  into  droplets  at  the  lip  of  the  crucible  was  filmed  in  a 
near-vertical  direction  at  5000  frames/sec  whilst  at  the  same  time  the  rotation  speed 
of  the  crucible  was  reduced  from  the  usual  3000-4000rpm  to  1000-1500rpm . These 
conditions  were  necessary  to  give  sufficient  slowing  down  of  events  taking  place  at  the 
periphery  of  the  crucible. 

1.  PARTICLE  TRAJECTORY  AND  COOLING  CALCULATIONS 

Calculations  of  the  trajectory  of  an  initially  molten  droplet  from  the  point  of 
detachment  at  the  lip  of  a rotating  crucible,  in  a direction  tangential  to  that 
crucible,  have  previously  been  reported  for  the  case  of  pure  iron  moving  through  inert 
atmospheres  at  atmospheric  pressure! 1 ) . The  solution  of  two-dimensional  equations  of 
motion  of  a particle  moving  under  the  action  of  frictional  and  gravitational  forces  is 
required.  Since  for  the  majority  of  situations  met  in  the  CSC  process,  the  Reynolds 
number  lies  in  an  intermediate  region  between  streamline  and  turbulent  flow 
(0.5<Re<10^1  where  the  drag  coefficient  has  a complex  dependence  upon  particle  velocity, 
a method  of  incremental  approximation  has  been  followed,  based  on  the  earlier  work  of 
1, apple  and  Shepherd!  2). 

The  cooling  of  a molten  droplet  can  be  calculated  by  consideration  of  the  heat 
transfer  from  the  droplet  by  radiation  and  forced  convection,  as  it  traverses  its 
trajectory.  The  forced  convection  contribution  uses  an  empirical  correl at  ion! 3 ) for  the 
dependence  of  Nusselt  number  on  Re  in  the  case  of  fluid  flow  past  a sphere.  Using  a 
similar  incremental  approximation  method  to  that  employed  for  the  trajectory  calcula- 
tions, heat  losses  during  small  time  increments  can  be  converted  into  incremental 
temperature  changes;  this  presumes  a knowledge  of  t he  change  of  enthalpy  with  temperatur* 
for  the  material  of  the  sphere.  Incorporation  of  the  latent  heat  of  solidification  in 
the  enthalpy /temperature  variation  allows  the  cooling  of  the  sphere  to  be  followed  from 
an  initial  temperature  above  the  melting  point,  through  solidification  to  any  temperature 
below  the  solidus. 

Some  arbitrary  assumptions  have  to  be  made;  for  instance  the  initial  temperature  of 
the  droplet,  the  emissivity  of  the  molten  and  solidifying  sphere,  the  temperature 
uniformity  within  the  sphere,  the  temperature  to  which  the  sphere  must  cool  to  avoid 
gross  deformation  on  impact  with  the  walls  or  base  of  the  atomisation  chamber  and  the 
temperature  and  state  of  motion  of  the  inert  gas  within  the  chamber. 

Values  assumed  for  these  and  other  parameters  in  extending  the  calculations  to  the 
case  of  pure  titanium  are  shown  in  Table  1.  For  the  purpose  ot  optimising  the  chamber 

TABLE  1 

PARAMETERS  ASSUMED  FOR  MODEL  OF  TITANIUM  SPHEROID I SAT I ON 


Crucible  diameter 

Crucible  rotation  speed 

Sphere  diameter 

Initial  sphere  temperature 

Titanium  melting  point,  Tm 

Sphere  temperature  for  no  deformation 

Inert  gas  temperature 

Chamber  wall  temperature 

Sphere  emissivity 

Inert  gas  pressure 


75mm 

■1000  r.p.m. 

50-500pm 
1990K  11717  C) 

1940K  (1667°C) 
on  impact  1890K  !1617°C) 

323K  ( 50°C ) 

293K  (20°C) 

0.5 

7.6-760mm  llg  (0.01-1  atm.) 


size  so  that  droplets  of  the  required  size  range  can  solidify  prior  to  impact  with  the 
chamber  walls,  the  time  taken  (and  hence  the  horizontal  and  vertical  distances  travelled 
in  that  time  to  cool  to  a temperature  just  below  the  freezing  point  is  of  major  interest 
Fig. 2 illustrates  the  dependence  upon  sphere  diameter  (d)  of  the  times  (ttl  for  titanium 
spheres  to  cool  from  Tm  ♦ 50K  (where  the  melting  point,  Tm . 1940K)  to  Tnl  - 50K  for 

helium  and  argon  atmospheres  at  760mm  llg  pressure.  The  marked  decrease  in  cooling  time 
with  decreasing  sphere  diameter  is  clearly  hewn.  In  the  range  of  sphere  diameters  of 
100-500um,  an  approximate  linear  relat lonship  between  log  d and  log  tc  is  suggested  with 
an  exponent  (n)  in  the  relationship  dit,.n  ot  0.6  for  both  helium  and  argon.  For  a 
particular  sphere  diameter,  the  cooling  times  tor  the  higher  thermal  conductivity  gas, 
namely  helium,  are  shorter  by  a factor  of  between  3.5  and  5 than  in  the  case  of  argon. 

Cooling  time  calculations  have  also  been  made  lor  reduced  pressures  of  inert  gas. 
down  to  7.6mm  oi  llg  (O.Olatm.),  the  limiting  pressure  is  determined  by  the  requirement 
that  for  the  empirical  correlations  for  drag  coefficient  and  Nusselt  number  to  be  valid, 
the  mean  free  path  of  the  gas  molecules  must  remain  small  compared  to  the  sphere 
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dimensions.  The  extreme  case  of  very  low  pressures  is  however  amenable  to  calculation 
since  both  drag  forces  and  convection  losses  are  reduced  to  zero.  Reduced  argon  pressure 
cooling  times,  as  well  as  the  ultimate  case  of  radiation  only,  are  also  illustrated  in 
Fig. 2.  The  displacement  to  considerably  longer  times  shown  by  the  'radiation  only'  line 
demonstrates  the  dominance  of  convective  heat  losses  even  at  a few  mm.  llg  pressure. 

In  the  perspective  of  chamber  dimensions,  the  more  relevant  parameter  to  consider 
is  the  distance  travelled  by  a given  sphere  in  the  cooling  time  (tc)  for  the  temperature 
interval  described  above.  Fig. 3 shows  the  horizontal  component  of  this  distance  for 
selected  sphere  diameters  as  a function  of  pressure  for  helium  and  argon  atmospheres,  as 
well  as  the  'radiation  only'  case.  An  approximate  doubling  of  the  horizontal  distance 
travelled  in  time  tc  can  be  seen  for  a change  of  argon  pressure  from  760  to  7.6mm  Hg 
pressure,  with  a further  increase  by  a factor  of  at  least  two  for  the  very  low  pressure 
case.  Helium  again  demonstrates  its  superiority  over  argon  in  either  reducing  the 
required  chamber  dimensions  for  a given  maximum  sphere  size  or  alternatively  allowing  a 
larger  maximum  sphere  diameter  to  be  collected  in  a chamber  of  given  dimensions. 

5.  CONCLUSIONS 

(1)  The  CSC  process  provides  a method  for  the  production  of  high  purity,  spheroidal 
titanium  alloy  powders  in  the  size  range  of  lOO-lOOOtm,  with  considerable  potential 
for  scale  up  and  development  into  a production  process. 

(2)  Observation  in  detail  of  the  processes  of  melting  and  atomisation  has  been 
achieved  by  means  of  high  speed  cine-photography. 

(3)  Calculations  of  the  trajectories  and  cooling  rates  of  particles  have  demonstrated 
the  clear  advantages  of  near-atmospheric  pressure  operation  in  helium  atmospheres 
as  a means  of  reducing  the  min  ""Min  chamber  dimension. 
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PKRFORMANCP:  AND  KC'WOMrCi-  "F  HTP  KQTTII'VKNT  IN  TNKTJTR  TAT,  HKK 
Han  a T Larker 

A SKA , S-UO  40  Roberta  Torn,  Kweden 


IT  "WARY 


Hot  isostatic  pressing  (HTP)  is  now  an  established  process  within 
some  segments  of  industry  and  ^mple  experience  has  been  gained 
from  the  use  of  A SEA  QUINTUS^'  HIP  equipment  in  production,  both 
cold  loaded  for  cemented  carbide  products  and  hot  loaded  for  high 
speed  tool  steel.  A design  for  the  insulation  system  of  HTP  furnaces 
invented  about  ten  years  ago  and  then  further  developed  has  particu- 
larly for  medium  size  and  large  equipment  proven  to  give  high 
reliability  and  low  maintenance  cost.  Examples  of  HTP  processing 
costs  for  a cold  loaded  unit  and  a hot  loaded  pressing  line  are 
given.  The  calculated  costs  ranging  from  some  tens  of  cents  to 
about  a dollar  per  kg  material  being  treated  should  enable  a rapidly 
increasing  use  of  the  HIP  process. 


TNTR^DUCTI0N 

Hot  isostatic  compaction  was  first  carried 
out  in  the  mid  fifties  at  Battel le  but 
industrial  application  on  a broader  scale 
came  only  this  decade  and  there  are  now 
good  reasons  to  expect  a more  rapid  growth 
of  this  versatile  process. 

A SKA s interest  in  the  high  pressure  field 
dates  more  than  ^0  years  back.  The  aim 
initially  was  to  make  diamonds  and  the 
first  diamonds  were  synthes i zed  in  Febr 

7 • i • ' il  rat  ••  . • • 

equipment  originajlv  developed  for  that 
taBk,  the  ;T’7KT’’SI  presses  with  wire 
wo-ind  press  frames  and  wire  wound  cylinders 
were  later  further  developed  for  other 
• : i • • r . ; :'fpp  . r* 

laboratory  was  1 *6r  set  up  by  A:'  A at 
Robertsfors  for  the  development  of  high 
pressure  techniques  for  industrial 
appl i cations,  ne  of  the  main  fields  of 
activity  from  the  beginning  was  hot 
isostatic  pressing  and  this  is  oven  more 
pronounced  today. 

BASIC  DEVELOPMENT 

evelopment  of  equipment,  for  hot  isostatic 
pressing  was  initiated  already  during  the 
rat  ... . • . • sostal 
press  was  one  of  the  main  equipments,  n 
order  to  use  oasily  available  argon  gas  as 
pressure  medium  and  achieve  as  big  useable 
volume  as  possible  with  oven  and  stable 
•ec.perature  in  a giver,  pressure  vessel  a 
radically  new  design  for  the  furnace  insu- 
lation was  developed.  This  basic  concept 
which  was  devel  ped  during  l'VoB  and  patented 
in  many  industrial  countries  from  l<fh  {§ 
baaed  >n  the  use  of  an  insulation  built  ip 
of  permanent,  gas  tight  cells.  These  cells 
communicate  with  other  spaces  insido  the 
press  .re  vessel  only  through  pressure 
equalzation  openings  w th  small  height  in 
relation  to  the  total  height  of  each  cell. 

'"he  openings  are  so  located  that  the  dense 
«.nf)  under  steady-state  conditions  will  not 
be  exchanged  between  different  cells  or 
spaces  inside  the  vessel  but  remain  stable 
there.  Fibrous  Insulation  material  is  us.ially 


FIG  1 

f D N 

I iagrarnmatlc  section  of  a QtTTNTNS'*  Hot  ’ecstatic  Press. 
The  pressure  vessel  consists  of  a wire-wound  cylinder 
with  end  closures  kept  in  position  by  a wire  voiind  frame, 
'"he  heater  assembly  ( oronn-hatehed)  and  the  thermal  insu- 
lation (gray)  of  the  furnace  are  separated  in  order  to 
minimize  thermal  stresses. 
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used  t cut  d wn  interna  >'  nvecti  n an  ', 
radial:  n with  n each  cp  . 


This  design  has  provided  the  basis  f r 
further  deve.  >pment  f furnaces 
characteri zed  by  the  reliabi..ty  and 
. rv  term  stability  that  is  a necessity 
f r the  ec  nodical  use  f h t is  static 
presses  in  industrial  product.;  r..  r'v  m 
the  beginning  it  was  intended  to  be 
applicable  even  for  large  furnaces  and 
it  has  later  pr  ven  its  value  in  such 
• . • r t fun 

utilizing  this  design  at  the  high 
pressure  lab  rat  r y was  big  at  that 
tine  with  a w rtcspace  height  with  fiat 
temperature  f ver  me  neter  at  1350  C 
c • ressure. 


"he  furnace  insert  (Fig  l)  is  of  a modular 

t.  ; insulation » the  bottom  insulat;  n and  the  heater  assembly  can  easily  be 
disassembled  because  no  insulation  materia,  is  packed  between  insulation  mantle  and  pressure  v.-sse  va . . 
r heater  assembly.  This  arrangement  both  gives  a better  service 

the  therna.  stresses  and  it  facilitates  necessary  maintenance.  Depending  n apj  Li  ssti  Q ind  tram  • • re, 
e g max  temperature  and  cold  r hot  loading,  standard  designs  of  heater  assembly  and  ns. .at  n are  used. 


The  current  production  applications  are  covered  by  two  types  of  furnaces,  ne  type  used  for  t ate* 
production  and  nickel  alloy  treatment  is  designed  for  hot  loading  and  a maximum  temperature  f 12* 

Another  type  used  for  treatment  of  cemented  carbide  is  designed  for  cold  . ad  mg  and  max  14  • C.  Th*-  tem- 
perature capability  of  this  furnace  can  be  extended  to  1750  C with  an  additi  mal  insu.at  n . i ■.  *•  in«.  ie 
the  standard  insulat i m. 


The  furnaces  operate  equally  well  at  100  or  520  MPa;  this  is  a consequence  f >ur  advanced  insulat.  n sys- 
tem. but  the  pressure  vessels  and  gas  supp.y  system  must  of  course  be  designed  accordingly. 


PERFORMANCE  ANN  ECONOMICS  OF  1400°C  HIP  UNITS 


The  commercial  break  through  for  HIP  came  about  five  years  ago  with  a process  for  pore  eliminati  n (defe  t 
healing)  in  cemented  carbide  materials.  It  was  announced  in  1 '>71  by  Sandvik  C t mint  in  Sweden  ind  Kenna- 
metal  Inc  in  USA.  the  two  largest  manufacturers  >f  cemented  carbide  in  the  w rid.  The  process  had  been 
independently  developed  by  Sandvik  in  cooperation  with  ASKA  and  by  Kennametal.  T}.« • very  sign;!':  - int 
effect  f h t ifloatatic  pressing  on  porosity  is  visualized  from  Fig  5- 


ASKA  has  delivered  m-  ot  of  the  hot  is -static  presses  for  treatment  .'f  cemented  carbide  materials  (Fig  4 . 
The  heater  assembly  is  of  molybdenum  and  has  a minimum  of  ceramic  components  to  al.  w rapid  heating  uj 
and  co  1 .rig  d >wn  (Fig  5)  as  the  equipment  is  loaded  and  unloaded  cold.  T p loading  is  most  c mm  n but 
bottom  - ading  is  sometimes  used.  The  load  is  usually  placed  n graphite  structures  which  can  all  w 
th  usands  f coop  nents  per  cycle  t be  treated  (Fig  6). 


HIP  EQUIPMENT  F R PR  I4JCTI  N FURPOS ES 

The  ASEA  QUINTUS^ ^ presses  (Fig  0 for 
HIP  use  a pressure  vesse.  built  up  of  a 
wire  wound  cylinder  and  n n- threaded  end 
cl  sures  kept  in  p ait.  n when  the  vesse. 

m m in 

This  des.gr.  gives  a very  high  degree  f 
safety  against  ma;  r failure  and  is 

• •.*  • is  for  i rgi  inits. 
The  preasur*-  vessel  is  pened  by  sliding 
the  frame  to  ne  Side  whereafter  the 
. wer  r as  in  Fig  2 the  upper  end  cl  sure 
can  be  pulled  out  f the  cylinder  -'ind 
moved  t-  me  s.de  t give  iree  acoeua  t 
• • ~ • . LOtS 

permanent  thermocouples  are  always  led  in 
through  the  bottom  end  cl.  sure, 
case  of  bottom  loading  these  ducts  pass 
through  an  outer  ring-shaped  closure 
permanently  attached  to  the  cylinder 
while  an  inner  closure  frees  the 
charging  opening*  Gas  is  fed  in  either 
through  the  bottom  or  top  closure. 


FIG  2 

Top  loaded  medium  size  QUINTUS  HIP  unit  in  an  ASKA  « r*- 
shop  before  delivery. 


Hot  zone  height 
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pore  size 


Porosity  distribution  in  cemented  carbide 
samples  from  production 

A)  Small  parts  ( - 1 0 g each) 

0)  Large  parts,  conventionally  sintered 

C)  Large  parts,  hot  pressed  in  graphite  dies 

D)  Large  parts,  hot  i sostat ical ly  pressed 
(courtesy  S Amberg,  Sandvik  Coromant) 


PIG  } 


FIG  4 

Data  for  A SEA  QUINTUS  Hot  Iaoatatio  Preaaaa  for  treataent  of  oaaanted 
oarbida  aatariala  delivered  1970-76. 

Symbol a 

z Unit  for  max  pressure  100  MPa 

+ Unit  for  max  pleasure  160  MPa 

o Unit  for  max  pressure  200  MPa 

e Unit  for  max  pressure  320  MPa 
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Fig  5 


Fig  6 


Multi-component  cemented  carbide  charge  on  graphite 
charging  fixtures  being  lowered  into  a hot  isostatic 
press. 


The  f.  . . w.ng  example  is  for  a medium  size  unit  for  HIP  treatment  of  cemented  carbide  parts.  In  l-shift 
product:  n and  cold  loading  one  cycle  per  shift  can  be  made  because  part  of  the  cooling  down  of  the  charge 
can  be  made  unattended.  The  experience  gained  from  customers  running  QUINTUS'  ' HIP  equipment  for  this 
product  in  production  lias  helped  us  to  asses  realistic  figures  for  e g utilization  factor  and  maintenance 
cost. 


The  installation  in  the  example  consists  of  a hot  isostatic  press  complete  with  gas  system,  electrical 
syBtem  and  cooling  system. 

The  investment  cost  (Europe,  Jan  1/76)  used  in  the  calculation  below  includes  installation  cost  but  costs 
for  the  building  are  paid  as  rent. 


a)  Technical  Data 

Hot  isostatic  press  type  QIH  50-160/2,0-0.63  UCT  1400 

Pressure  vessel  inner  height  2,0  ra 

Pressure  vessel  inner  diameter  0,63  m 

Max  temperature  1400°C 

Mar  pressure  160  MPa 

Hot  zone  volume  0,2  nr 

b)  Production  Data 
l-shift  production 


Number  of  working  days  per  year  2 30 

Utilization  factor  0.9 

Number  of  cycles  per  year  207 

Cemented  carbide  treated  per  cycle  725  kg 

(assuming  25  ^ utilization  of  hot 
zone  volume) 

Production  per  year  150  ton 


c)  Costs  per  cycle 

The  estimate  is  made  on  the  following  basis: 


Annuity  on  the  investment  21*9  % (7  yrs 

Shop  area 

Wages 

Argon  gas 

Cool ing  water 

Electricity 


12  %.  rest  value  20  $) 
t 57  per  m'  and  year 
f 11,4  per  hour 
I 2,3  per  Nm5 
5 0,23  per  m^ 
t 0,034  per  kWh 


The  cost  per  cycle  will  then  be  appr  §^00  built  up  as  follows: 


100  f>i- 


Electrlolty 
Cooling  water 
Argon  gae 

Spares  & maintenance 
Wages 
Shop  area 
Capital  ooata 


The  cost  for  HIP  treatment  of  cemented  carbide  would  then  be  S , * 
per  kg.  The  actual  costs  vary  of  course  with  the  average  utilizat:  r. 
of  the  hot  zone  volume. 

ECONOMICS  OP  1260°C  HIP  UNITS  FOR  HOT  LOADING 

For  hot-loaded  HIP  equipment  operating  up  to  1260°C  are  oxidation  resistant  materia,  b ub.- ■ *r.r 

furnace  and  Kanthal  bands  are  used  as  heating  elements.  We  have  after  a carefu  st,  , y ..  • ? 

oion  that  hot  bottom  loading  is  clearly  to  prefer  before  hot  top  loading.  Bott  m uding  rm.t 
of  fully  ceramic  charging  fixtures  which  makes  multi-component  treatment  poss.I.e.  The  r.arg- 
one  of  severs  charging  plates  which  follows  the  charge  from  loading  station  thr  ugh  pret  • tg 
furnaces  to  the  unloading  station.  Workpiece  thermocouples  can  be  attached  to  the  chai.-  -■ 
pern  me.  needs  t be  cl  se  to  the  charge  while  hot.  Furthermore  the  service  . if.,  f t;.«  ' .ru 
improved  because  cold  air  does  not  flow  into  a hot  bottom  loaded  (bell  type)  furna'..  „n  t 
haded  ne.  Inert  handling  manipulator  for  the  charge  can  be  supplied. 

A high  speed  tool  steel  billet  (weight  1700  kg)  consolidated  from  powder  in  a h t t.  tt  r . > 

according  h the  ASEA-STORA  process  is  shown  in  Fig  7. 


FIG  7 

Big  high  speed  tooi  steel  billet  (weight  1700  kg)  in  a forging 
manipulator.  The  billet  has  been  made  in  a hot  bottom  loaded 
HIP  line. 
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fcx  u ; • : t»  ♦ it  t,  i ?• : t T r high  production 

T*  • } u-.t  ii8»> : . r.  U.«  f wing  coat  calculation  ia  a complete  HIP  line  for  high  production  of  e g ouper- 

• ; trta  *r  n p wd»*r  r defect  healing  of  caatings.  It  conaiata  of  a bottom  loaded  hot  isoatatic  preaa, 

■ r p ' .n  *•«,  tiding  and  one  unloading  station  and  Bix  charging  plates  with  work  piece 

” m ij  • . 71,*'  r .*!>  • a moved  from  station  to  station  by  an  inert  gan  manipulator.  The  installa- 

• r o ■ w . » is  system,  «• . octrical  ayatem  and  co  I ing  ayatem.  Inatallation  costa  are  included  in 

• ••  r*.  stfl . which  are  paid  aa  rent. 


Technical  data 


■tat  pun  tvp.  qjh  BO-  100/2*5-1*0,  UHB  1260 


Pressure  vessel 
Pressure  vessel 
Max  temperature 
H t i ns  v . unw* 


nner  height 
mer  diameter 


2.5  m 

1,0  m 

1260°C 
0,65  m 


Production  data 

5 ahift  product 1 n 
Cycle  time 

Number  ? w-.  rking  lays  per  year 
utilisation  factor 
Number  f cycles  per  year 
Weight  materia  pr  'esse.i  per  eye 
(assuming  V % utl.izatlon  <f  h t. 
starting  fr  o supers  y po  wder 
utiliZat  >n  starting  with  a id 


parts) 
c)  Costs  per  cycle 


4 h 

23  0 

o,v 

1242 

appr. 


z ne  v ume 
r 20  * 
superal loy 


1000  kg 


The  estimate  is  made 

Annuity  on  the  investment  s . 

Shop  area 

Wages 

Argon  gas 

Cooling  water 

Electrici ty 


n the  fol  wing  basis: 

% {I  yr 8,  12  rest  value  20  %) 
S 57  per  m2  and  year 
i 11  4 per  hour 
S 1. 55  per  Nm^ 
t 0,23  p©r  nr 
t 0,034  per  kWh 


The  cost  per  eye  ••  wi  then  be  appr.  { built  up  as  follows: 


100  % -■ 


Electricity 
Cooling  water 
rgon  gas 

Spares  & maintenance 
Wages 
Shop  area 
Capital  ooata 


Tbe  0"  eti  f r HI >’  treatment  of  euperalloy  products  would  with 
these  aasumpti  ms  be  t ; , t> •>  per  kg.  With  a higher  utilization 
f the  hot  zone  volume  th.  costs  per  kg  for  consolidation  of 
superal.  y powder  could  be  aa  low  as  t 0,20. 


C0!KI.tJS!01»li 

HIE  is  n w a we 1 1 proven  Industrial  process  for  s me  applications.  Efficient  equipment  with  the  reliability 
and  low  maintenance  c st  needed  for  a wider  Industrial  use  ia  now  available  to  the  market.  The  level  of  the 
processing  costs  ranging  from  a few  tens  of  cents  to  about  a dollar  per  kg  processed  material  should  make 
th#  process  f Interest  for  a rapidly  Increasing  number  of  applications. 
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PROCESS  AND  ECONOMIt  CONTIDLRAII 
FOR  PRODUCTION  SCALE  HOT  ISOSTATIC  PRESS  IN  EQUIPMENT 

Charles  W.  Smith,  Jr. 

Sr.  Vice  President,  Engineering 
Autoclave  Engineers,  Inc. 

2930  West  22nd  Street 

Erie,  Pennsylvania  1 6 S 1 2 USA 


Equipment  which  makes  the  Hot  Isostatic  Pressing  Process  an  economical  and  viable 
industrial  process  is  now  well  developed. 

Hot  and  Cold  Loading  Process  Systems  are  compared  at  a production  rate  of  one  cycle 
per  eight  hour  day. 

Other  comparisons  for  the  two  systems  include  equipment  types,  equipment  costs,  and 
the  effect  of  material  processed. 


In  the  [iast  two  years  a number  of  systems  have  been  designed  and  built  which  process 
powder  compacts  during  a continuous  duty  eight  hour  cycle.  These  systems  are  capable  of 
three  pr  duct  ion  cycles  in  a twenty-four  hour  day. 

The  experience  of  the  users  and  the  equipment  suppliers  has  resulted  in  a much  more 
let  -five  • , ..;ment  ind  usage  specification. 

/ ten  types  are  currently  considered  for  production  applications.  These 
t era  are  generally  defined  as: 

A.  Cold  to  Cold 

B.  Hot  to  Hot 

The  .election  of  the  best  system  from  the  users  standpoint  depends  on  the  processing 
li cements  of  the  material  and  the  economics  of  the  system. 

A 'Id  t .old  Sy .tern  is  defined  as  a process  in  which  a cold  material  load  is  placed 
in  a old  furnace.  Subsequently,  the  furnace  and  the  load  are  heated,  pressurized,  and 
allowed  to  cool  together  to  a safe  unloading  temperature. 

A Hot  to  Hot  System  is  defined  as  a process  in  which  a part  is  loaded  into  a hot  fur- 

nace. The  part  is  heated  and  pressurized  simultaneously.  The  part  is  then  removed  hot 
from  the  furnace. 

In  order  to  achieve  the  most  economical  production  costs,  it  is  necessary  to  minimize 
the  furnace/pressure  vessel  cycle  time.  Pressure  vessel  cycle  time  for  the  Hot  to  Hot 
System  is  reduced  t / preheating  the  work  load.  Cold  to  Cold  cycle  time  is  reduced  by 
using  a furnace  capable  f rapid  heating  and  cooling  rates.  This  type  of  furnace  is  usu- 
ally characterized  by  low  thermal  inertia  and  a high  power  input. 

In  evaluating  the  Hot  to  Hot  and  Cold  to  Cold  System  types,  one  must  give  consider — 
ation  to  processing  features  which  affect  metallurgical  results  and  to  the  degree  of  flex- 
ibility required  to  process  various  material  types.  In  general,  it  should  be  noted  that 

most  parts  can  be  proceeeed  in  either  a Cold  to  Cold  or  Hot  to  Hot  System.  Two  notable 

exceptions  are:  (!)  Titanium,  whi._h  requires  a high  purity  atmosphere,  and  (?)  Carbides, 
which  requires  temperatures  in  excess  of  1250°  C.  for  processing. 

Table  1*1  lists  advantages  of  the  Cold  to  Cold  System. 

TABLE  #1 


COLD  TO  COLD 

1.  Pure  environment. 

2.  Fast  thermal  response. 

3.  High  temperatures. 

4 . Flexible  thermal  programs. 

5.  Ease  of  specimen  thermal  monitoring. 

ADVANTAGES  HOT  TO  HOT 

1.  More  production  orientated  of  economical  parts  run  to  run. 

2.  Repeated  process  parameter;. 

3.  Less  cost  per  pound  of  material  processed. 

4.  Lower  operating  cost  and  maintenance. 
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ir. 

When  product  ion  equipment  is  considered,  the  concept  of  multiple  work  stations  must 
. • ■ - , . : . Fh<  Lng  equipment  ript  mak<  . 1 ' 1 1 i ncept. 

/stem  i ribed  gure  #1.  i]  | i i nsiat 

tal  n,  three  i ible  furna  preheat  and  i tati  pr< 

el , and  a mbination  fu  ice  transfer  i hanism.  equipment 

ent  ' ' ■ majoi  lipment  Lten  . rt  lipment  i 1 . i • ■ I • 1 1 1 i . 

The  p:  cer.s  functions  as  follows: 

A.  The  workpiece  i s placed  at  the  loading  station  where  thermocouples  are  connected 
•v.  required. 

B.  One  of  the  three  preheut/HIP  furnaces  is  placed  over  the  workpiece  and  connected 

racuum  utilities  located  on  a base  assembly. 

i . Ld  t Id  pi  • temperaturi  ycle  I >wi  i n ..'■■■■  » . . 

. ,.  • f eight  ii  preheat,  eight  hours  at  pressure,  ind  eight  ii 

cool ing. 

• ■ . i ■ ■ ■ . ■ n i ■ ir<  eva  lated,  purged,  ind  pi  ited  it- 

ile  the  pressure  vessel  and  transferred  hot  to  the  pressure  vessel.  During  the 
. • ■ imace  is  so  designed  that  the  outside  remains  cool. 

Ft  e ntrol  of  the  furnace  on  the  preheat  stand  and  inside  the  pressure  vessel 

i . . hed  . ing  computer  or  conventional  control  equipment. 

i . w< i , and  control  utilities  are  connected  using  an  automat ical ly  operated  plug- 
i:  i ,•  ,•<•:•••  n;  located  on  each  furnace  base  and  in  the  pressure  vessel. 

The  Hot  to  Hot  concept  is  described  in  Figure  H'i.  This  system  consists  of  one  loading 
• i-  . , * Free  stationary  hot  preheat  furnaces,  one  pressure  vessel  containing  a hot  HIP 
work  load  transfer  mechanism. 

In  process  as  shown  by  Figure  #3  is  as  follows: 

A warkpiece  is  placed  in  transfer  container  at  the  loading  station. 

■ . The  cold  workpiece  is  transferred  to  the  hot  preheat  furnace. 

. After  preheating,  the  hot  load  is  transferred  to  the  pressure  vessel  furnace 
combination . 

■ . Following  heating  and  pressurization,  the  hot  billet  is  extracted  and  returned 
to  the  loading  station. 

E . A typical  Hot  to  Hot  process  pressure  temperature  cycle  is  shown  in  Figure  #4. 
VLTLM  ••ST  'ONS I DERATIONS 


" mpan  equipment  tired  for  each  ystea.  Major  differences  show  up  in 
#1  " Although  there  are  minor  differences  in  other  areas,  these  are  not 

havi  i major  effect  n the  total 

Tor  compet itive  rea  ns , actual  t i . • for  ysten  ire  not  revealed.  How- 

ever, it  should  be  noted  that  the  systems:  described  are  based  on  workpiece  izes  in  ex- 
• ter  * . ng.  For  this  evaluation,  units  of  equal  production  volume 

have  been  considered  and  are  based  on  turnkey  type  installations  complete  with  building 
costs . 

TABLE  H? 


COLD  TO  COLD  HOT  TO  HOT 


1 . 

Pressure  Vessels 

1 

1 

?. 

HIP  Furnace 

3 

1 

3. 

Preheat  Furnace 



3 

4 . 

Load  Stations 

3 

1 

5. 

Transfer  Mechanism 

1 

1 

• . 

Power  Systems 

M 

4 

7. 

Control  System 

4 

4 

8. 

Vacuum  System 

4 

4 

9. 

Purge  System 

3 

3 

10. 

Cooling  System 

1 

1 

11  . 

Compressor  System 

1 

1 

12. 

Gas  Storage 

1 

1 
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St'HMARY 

rrent  ts  that  a Hot  Loadinj  tem,  as  noted , 

stalled  for  approximate! y 7S%  to  80%  of  the  cost  of  .-in  equivalent  Id  t tem. 

Once  a basic  system  style  has  been  selected,  it  ir.  oi  gr<  it  Lnteri  t t 
the  effect  I unetei  i tl  th<  t 1 in  equiva  nl  imi  irts. 

This  consideration  is  more  difficult  to  evaluate  since  it  depend:  primarily  r . ' . icmer 

product  mix  and  maximui  rkpieci  liameter.  . • not  t t . 
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HOT  LOADING  V5TEM 

1.  LOAD  WORK.  IN  TRANSFER,  FIXTURE 

2.  PLACE  IN  PREHEAT  FUR.NACE. 

3.  PURGE. 

4 TRANSFER.  LOAD TO  H . I . R 

5.  PRESSURISE  £ COMPLETE  THERNAAL  CYCLE 

6.  RETURN  TO  LOAD  STATION!  (.HOT) 


FIS.4- 


AUTO  CLAVE  ENGINEERS,  INC. 


s<  SB  I 


NOTES  ON  SOME  ECONOMIC  ASPECTS  OF  HIP 


by 

R.  M.  Conaway,  President 
Conaway  Pressure  Systems,  Inc 
Suite  S45 
1375  Perry  Street 
Columbus,  Ohio  43201 


Two  areas  of  interest  involving  Hot  Isostatic  Processing 
are  addressed.  Some  of  the  considerations  involved  in 
the  concept  of  operation  with  respect  to  preheat  are  pre- 
sented. Additionally,  some  of  the  results  of  a study 
interied  to  give  indications  of  floor-to-floor  processing 
costs  are  briefly  presented. 


, 


Considerable  activity  has  been  directed  in  the  configuring  of  HIP  manufacturing  systems  where 
the  utilization  of  preheat  is  viewed  as  a necessity.  Clearly,  there  is  a class  of  products  where  the 
utilization  of  preheat  is  indicated.  However,  this  concept  of  operation  should  be  chosen  on  the  basis  of 
a consideration  of  the  trade-offs  Involved. 

The  primary  reason  for  preheat  is  usually  for  the  reduction  of  vessel  residence  time  with  an 
attendant  increase  in  throughput.  The  alternative  to  preheat  is  vessel  resident  heating.  A contrast  of 
these  two  methods  will  show  the  kinds  of  considerations  that  should  be  kept  in  mind  when  selecting  a 
concept  of  operation. 

First,  I would  like  to  dispose  of  the  matter  of  partial  preheat.  Figure  1 Illustrates  the  cen- 
terline temperature  of  a constant  property  material  when  heated  with  the  most  rapid  method  through  the 
surface.  It  is  obvious  that  the  minimum  internal  temperature  change  rate,  while  fairly  rapid  initially, 
has  a slow  roll-in  when  the  temperature  defect  is  small. 


FIGURE  1 
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Figure  2 Is  an  Illustration  of  this  effect  by  comparing  a uniform  preheat  of  a certain  amount 
(expressed  as  a percent  of  the  desired  temperature),  to  the  reduction  In  subsequent  heating  time  required 
at  various  allowable  temperature  defects  (expressed  as  a percentage  of  nondlmenslonal  temperature).  Clearly, 
preheat  of  at  least  951  Is  necessary  to  significantly  reduce  subsequent  heating  time. 


REDUCTION  IN  MINIMUM  HEATING  TIME  (%) 

FIGURE  2 


The  Important  thermophysical  features  of  an  assembly  are  the  section  thickness  and  the  mean  thermal 
dlffuslvlty.  The  combination  of  these  two  factors  determines  the  required  heating  time. 

If  this  heating  time  is  long,  say  20  hours,  and  the  vessel  resident  time  Is  relatively  short,  say 
5 hours,  even  allowing  a modest  transfer  time,  five  preheat  furnaces  would  be  required  to  support  the 
throughput.  There  are  two  Interesting  aspects  to  trade-off  against  the  complexity  of  hot  handling  and  hot 
loading.  One  is  that  a properly  configured  HIP  furnace  at  elevated  gas  pressure  can  heat  a load  near  the 
maximum  theoretical  rate,  due  to  the  greatly  enhanced  heat  transfer  mechanism,  whereas  a conventional  preheat 
furnace  cannot.  Additionally,  as  some  powdered  materials  are  being  consolidated,  a dramatic  Increase  In 
the  thermal  dlffuslvlty  Is  effected  early  In  the  process.  The  combination  of  these  two  effects  can  reduce 
the  required  minimum  heating  time  by  a factor  of  2 to  4 or  more,  depending  on  the  product.  Often  this 
heating  can  be  simultaneous  with  the  gas  compression  time  required  anyway.  The  conclusion  Is  that  a properly 
designed  single  furnace,  cold  loading  system  can  often  have  the  same  throughput  as  a complex  hot  loader 
with  multiple  preheat  furnaces. 

Preheat  Is  clearly  Indicated  for  products  having  large  time  constants  (square  of  characteristic 
dimension/mean  thermal  dlffuslvlty).  Section  thickness  In  excess  of  50  cm  In  most  alloyed  metal  powders  or 
large  thicknesses  of  ceramic  materials  (say  8 cm  or  more)  make  preheat  economically  attractive.  It  Is  my 
view  that  only  a small  portion  of  the  products  of  present  conmerclal  Interest  are  clear  candidates  for 
preheat  type  systems  with  their  attendant  Increased  costs,  complexities,  and  limitations. 

Obviously  each  producer  contemplating  HIP  should  conduct  appropriate  analysis  of  the  expected 
product  mix  prior  to  conmlttlng  to  any  particular  concept  of  operation. 
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Cost  Indication  Study 

CPS1  conducted  a cost  study  that  was  Intended  to  give  rough  Indications  of  "floor-to-floor"  HIP 
processing  costs.  "Floor  to  floor"  is  defined  to  be  that  portion  of  the  manufacturing  process  from  the 
time  the  assembly  Is  ready  for  loading  into  the  HIP  equipment  (including  preheat  where  appropriate)  until 
the  assembly  is  consolidated  and  ready  for  subsequent  processing.  The  analysis  was  broadened  as  much  as 
practical  to  allow  for  variations  in  concept  of  operation  and  type  of  processed  material.  The  following 
cost  items  are  included: 


(1)  Capital  equipment  amortization,  including  all  Items  added  to  the  Installed  cost 

(2)  Labor  for  operation,  maintenance,  supervision,  and  administration 

(3)  Electrical  power  required 

(4)  Materials  consumed 


(5)  Factory  space,  including  other  utilities,  taxes,  and  general  upkeep. 

The  rates  utilized  for  the  various  items  were  high  average  and  were  based  on  equipment  manufac- 
turers quotes  and  actual  operating  experience.  An  equipment  availability  factor  of  65*  was  utilized. 

The  most  convenient  correlation  between  cost  items  and  throughput  was  found  in  the  concept  of 
gross  volumetric  displacement  of  the  HIP  processing  chamber.  This  is  the  space  available  for  load  within 
a HIP  unit.  This  allows  for  any  packing  and  tooling  considerations  to  be  taken  up  separately.  Although 
correlations  exist  for  each  cost  item,  I will  present  only  the  overall  results.  Figure  3 presents  total 
cost-per-gross  volume  of  product  as  a function  of  throughput  in  gross  volume  per  year  at  various  vessel 
residence  times  (VRT). 
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Obviously,  it's  up  to  each  producer  to  make  an  estimate  on  the  amount  of  product  he  can  get  into 
the  gross  volume  unit  and  how  many  such  units  will  be  processed  per  unit  time. 

Figure  4 Illustrates  a further  breakdown  for  only  one  VRT  (8  hours),  giving  cost-per-unit  mass 
as  a function  of  unit  mass  throughput  at  various  product  packing  densities,  a more  immediately  meaningful 
correlation. 

I wish  to  emphasize  that  a nunber  of  simplifying  assumptions  were  necessary,  and  these  figures 
should  be  used  only  as  an  indication  of  expected  costs.  For  a given  product  mix  and  factory  location,  far 
more  accurate  results  can  be  obtained. 
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DISCUSSION  SUMMARY  Of  SESSION  I 

by 

J.N.  Fleck 


Because  ol  a late  start,  the  discussion  periods  in  this  session  were  somewhat  abbreviated 

Most  ot  the  discussion  regarding  powder  manufacture  centred  about  the  problem  of  inclusions  It  was  pointed 
out  that  inclusions  are  especially  detrimental  to  fatigue  performance  Thus,  fatigue  testing  should  be  included  in  any 
powder  evaluation  activity 

Concern  was  also  expressed  over  use  of  potential  sources  of  contamination  such  as  crucibles,  electrode  holders, 
or  even  chamber  linings  in  powdermaking  equipment.  Potential  solutions  offered  include  special  consumable  coatings 
which  are  not  detrimental  to  the  powder 

I he  cost  situation  was  also  the  subject  of  some  discussion.  Regarding  the  Rotating  Electrode  Process,  it  was 
noted  that  efforts  are  underway  to  scale  the  electrode  sire  from  the  present  2.5  inch  (6.4  cm)  to  5 inch  (12.7  cm) 
in  diameter  In  response  to  a query  regarding  energy  efficiency  of  the  electron  beam  process.  Dr  Stephan  noted  a 
that  the  current  power  consumption  is  2.5  to  3.0  kilowatt-hour  per  kilogram  (kWhr/kg)  In  production,  this  should 
be  reduced  to  about  O K kWhr/kg  for  nickel  and  10  kWhr/kg  for  titanium  alloys 

In  a brief  discussion  of  the  hot-to-hot  HIP  loading  concept,  the  amount  of  preheat  was  questioned  It  was 
agreed  that  either  a partial  or  full  preheat  could  be  technically  feasible  It  was  also  noted  that  Autoclave  Engineers 
favors  top  loading  equipment  whereas  ASI  A advocates  bottom  loading.  The  ASI  A representative  suggested  that, 
for  hot  loading,  the  bottom  load  approach  is  advantageous. 
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SUMMARY 


The  ever-increasinq  demand  for  better  alloys  to  enable  gas  turbine  engines  to  operate  more  efficiently 
has  led  to  the  development  of  powder  techniques  for  the  production  of  certain  critical  nickel-base 
alloy  components.  One  area  of  application  in  particular  has  received  more  attention  than  any  other, 
this  being  turbine  discs  where  the  requirement  is  not  for  the  ultimate  in  high  temperature  resistance 
hut  for  optimised  mechanical  properties  at  intermediate  temperatures.  These  components  lend  them- 
selves ideally  to  manufacture  by  the  powder  route  since  nearly  all  the  advantages  of  powders  over 
conventional  routes  can  be  utilised.  At  Henry  Wiggin  and  Company  Limited  an  integrated  powder  pro- 
duction and  compaction  plant  has  been  installed  aimed  at  the  commercia 1 i sation  of  thus  type  of 
component.  Work  within  the  Company  on  the  forging  of  discs  from  Hot  Isostatical ly  Pressed  (HIPed) 
billet  is  reviewed  along  wi th  indications  of  the  potential  for  other  techniques  applicable  to  the 
production  of  paw  forging*  lirect  nil  t ••■»}•,  i ♦ • r :*u 1 1 • • »ru  i », 

thermoplastic  processing. 

INTRODUCTION 

The  technical  advantages  of  the  atomised,  prealloyed  powder  route  for  the  manufacture  of  nickel-base 
superalloys  and  certainly  for  those  of  advanced  design  have  been  apparent  to  those  engaged  in  the 
aerospa*  • industry  for  a number  of  years.  To  maintain  its  role  as  a leading  supplier  of  such  materials 
and  promote  this  new  technology  within  Europe,  the  author's  Company  has  installed  a powder  pro- 
duction a d consolidation  plant  at  its  Hereford  works.  Recent  economic  trends  have  caused  engine 
builder-  to  became  increasingly  cost-conscious  and  they  are  new  encouraginq  the  cost  saving  aspects 
<f  th»-  powder  metallurgical  (P/M)  approach  rather  than  merely  its  technical  advantages.  Thus  depend- 
ing on  the  applications,  properties  required  and  costs  of  production,  a whole  ranqe  of  possibilities 
• i r.d  component  production  routes  need  to  be  considered  and  evaluated. 

The  areas  in  which  the  major  effort  on  superalloys  is  currently  being  concentrated  is  in  the  pro- 
duction of  turbine  discs.  For  this  component  the  advantages  of  the  P/M  approach  can  be  summarised 

as : 

ai  Technical  - P/M  allows  larqe  components  of  advanced  alloys  to  be  produced 

and  processed  enabling  improved  engines  to  be  designed  and 
built. 

b)  Economic  - by  consolidating  powder  directly  to  the  required  disc  shape, 

considerable  cost  savings  are  possible.  Oi  this  basis  it 
should  be  more  cost  effective  in  some  instances  to  replace 
existing  discs  produced  by  conventional  cast/wrought  pro- 
cedures with  powder  components. 

Bearing  in  mind  these  major  advantages  a number  of  possible  processing  routes  become  evident  and  it 
is  proposed  to  highlight  some  of  them  by  outlining  the  work  being  performed  at  Her.cy  Wiggin  and 
Con^any  Limited. 

LUWPLR  PR1  JUNCTION  ANL  CONSOLIDATION 
1.  INERT  rjAS  ATOMISATION 

A number  of  atomisation  techniques  for  nickel-base  superalloys  are  at  present 
operational  on  a production  basis.  It  is  not  intended  to  review  these  techniques 
in  this  paper  but  to  outline  inert  gas  atomisation  and  in  particular  the  practices 
followed  at  Henry  Wigqin  and  Company  Limited.  A schematic  diagram  of  the  atomiser 
is  shown  in  Fig.  1 consisting  primarily  of  a vacuum  melting  chamber  set  on  top  of 
an  atomisation  tower.  The  furnace  is  a 500  kq  induction  melting  unit  which  is 
capable  of  maintaining  temperature  with  the  varying  level  of  melt  experienced 
during  an  atomisation  run.  The  melting  chamber,  Fig.  2 is  equipped  with  a bulk 
loader,  small  additions  hopper,  sampling  device  and  temperature  probes,  all  of 
which  are  needed  for  the  making  of  complex  superalloys.  Although  most  heats 
of  superalloy  powder  made  to  date  have  been  from  selected  raw  materials,  the 
unit  is  capable  of  melting  master  alloy,  but  this  would  no  doubt  increase 
costs  due  to  the  double  meltisvq  operation.  Practices  have  in  part  been  est- 
ablished also  which  allow  for  the  recycling  of  certain  percentages  of  scrap. 
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Meltinq  is  performed  under  a vacuum  of  10  im  Hq  after  which  the  melt 
chamber  and  atomisation  tower  are  back-filled  with  arqon.  The  molten 
metal  is  poured  steadily  into  a preheated  tundish  incorporating  a slag 
trap  before  being  fed  through  i small  diameter  refractory  nozzle. 
Immediately  below  the  nozzle  is  the  gas  jet  assembly  which  atomises 
the  molten  stream,  the  powder  so  produced  falling  to  the  bottom  of 
the  atomisation  tower  for  collection  in  water  cooled  skips.  The 
arqon  is  then  directed  through  cyclones  to  remove  any  fine  powder 
after  which  it  is  vented  to  atmosphere.  The  technique  of  inert  gas 
atomisation  has  been  under  study  at  International  Nickel  Inc.  for  a 
number  of  years  and  the  basics  of  their  technology  have  been  applied 
to  the  Henry  Wigqin  production  atomiser. 

Powder  particle  size  and  overall  yields  are  controlled  by: 

a)  Degree  of  superheat 

b)  Refractory  nozzle  diameter 

c)  Hydrostatic  head 

d)  Atomising  jet  gas  pressure 

o)  Gas  ;jet  diameter  and  configuration 

Although  a great  deal  of  fine  detail  is  still  to  be  learnt  about  these 
parameters,  a large  quantity  of  superalloy  powder  has  been  produced. 

Fypi<  -i  appearance,  phyei<  • l properties  md  : > Level  ; ■ - an  I n 

Pig.  I and  Tabl<  l.  The  powder  ii  essentially  spherical  with  the 
occasional  satellite  particle  but  the  design  of  the  atomiser  and  jet 
configuration  is  such  that  misshapen  particles,  due  to  infringement 
on  the  atomiser  wall,  do  not  occur. 

1 eve  1 '•••'.  6 . | : ; • • i f 

the  . ppm  level,  are  0.5  to  .0  ppm,  with  the  higher  figures  occurring 
in  the  coarser  fractions.  This  is  confirmed  by  occasional  gas  porosity 
seen  inside  the  coarse  powder  which  at  this  stage  is  always  removed  by 
sieving  to  -80  or  -lOO  mesh  before  further  processing.  Oxygen  and 
nitrogen  contents  are  well  below  the  limits  of  100  and  50  ppm  respect- 
ively which  are  specified  for  atomised  superalloy  powder.  Each  heat 
of  powder  is  subjected  not  only  to  routine  gas  analysis  as  indicated 
above  but  also  to  analysis  for  basic  composi tion  including  tramp 
element  content.  (Table  2).  An  additional  feature  of  the  quality 
assurance  procedure  is  to  monitor  routinely  the  powder  in  the  context 
of  contaminant  particles  by  examining  small  representative  samples  of 
each  heat  and  blend. 

POWDER  HANDLING  AND  CONSOLIDATION 

Once  the  powder  has  been  produced  end  passed  quality  control  check]  , it 
ending  or;  the  quantity  required,  a number  of  heats  are 
blended  together.  Blending  is  not  used  to  correct  the  analysis  of  the 
material.  Up  to  this  stage  all  powder  handling  has  boon  entirely  in  an 
...  * : ■ rior  1 ...  - I 

performed  in  an  evacuated  inclined  tube  furnace  operating  in  the  range 
15O-50O°C  through  which  the  powder  is  vibratory  fed,  essentially  a;:  a 

ex,  1 t ■ . ■ . : ■ . ■ - . 

e,  is  ■ ; • • . , 

when  full,  are  crimped  off  ready  for  compaction. 

The  most  suitable  consolidation  technique  for  material  destined  for  turbine 
discs,  is  hot  isostatic  pressing  (HIP)  since  large  diameter  or  complex 

' • Hu  iN  i ..It  . i : ; » • . ! !»••:,  I 1 J W I t 

, ii:.  • ‘ ' thl  • • : 

equipment  in  a purpose  built  fully  integrated  plant.  Th«-  HIP  is  capable 
of  operating  at  1250°C  and  1000  atmospheres  of  argon  although  slightly 

. - • . I 

load/unload  press  with  an  envisaged  total  cycle  time  of  0 hours  was 
specified  so  that  throughput  could  be  maximised  and  it  is  also  for  this 
purpose  that  three  preheat  furnaces  are  installed  along  with  all  the 
necessary  manipulating  equipment.  The  dimensions  of  the  working  zone 
in  the  press  are  1 »-in  diameter  by  65-in  long. 

An  aspect  that  has  received  considerable  study  is  that  of  the  integrity  of 

■ , Li  i - lod 

consolidated  may  not  indeed  be  so.  It  has  been  found  that  argon  de  terrain - 
.itions  on  as-HIRed  material  are  a relatively  simple,  quick  and  cheap  way 
of  determining  whether  a compact  has  been  fully  consolidated.  Knowing 
the  argon  level  in  the  powder  to  be  1-2  ppm,  similar  figures  should  be 
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obtained  on  consolidated  material.  It  has  been  found  occasionally  that 
compacts  with  up  to  o ppm  argon  can  be  obtained  which  to  all  intents  and 
• • Lida ted.  7 f I 

normal  argon  levels  gives  rise  to  a fall-off  in  forgeability  and  porosity 
alter  heat  treatment.  Argon  do  terminations  are  now  considered  to  be  an 
essential  part  of  material  quality  control  on  all  HU'ed  components , whether 
tor  billet,  preforms  or  cl  > o to  si7.e  components. 

I.  ISC  PH  X'UCTMN  ROUTES  VIA  1 M 

The  I M route  offers  a number  of  possible  alternatives  for  disc  manufacture 
(Table  ) depending  on  whether  the  requirement  is  for  the  ultimate  in  pro- 
perties or  cost  saving  or  indeed  a measure  of  both. 

At  the  present  stage  of  alloy  development  it  is  true  to  say  that  for  the  ulti- 
. • • proper tj  l • • i L sc  applica t . , current  i t • 

carl  Y*  need  a thermo- 

mechanical  forging  ste§  *in  their  production  cycle.  7 ent  < tabli 

one  extreme  tor  I M i.e.  the  route  where  the  powder  approach  simply  provides 
a workable  billet  in  a more  advanced  alloy  suitable  for  conventional  or 

Lew  t.hi  8 route  nay  be  more 

costly  than  the  cast,  wrought  route  for  a less  advanced  alloy  since  billet 
production  costs  can  be  greater.  However  some  of  this  cost  may  be  recouped 
...  • freatei  v rail  yield  i fron  i more  homog<  i t rti  1 . 

• • ■ • : ' tpe. 

: . ■ till  nt  to  b<  Lved,  on<  • - 1 1 teal 

of  a complex  shape.  This  is  normally  performed  by  ultrasonic  testing  of  recti - 

re  thi  t o 1 

resent,  thei  re#  i i pi  to  i reel 

line  but  even  tins  represents  a potential  cost  saving.  The  mechanical  pro- 
perties achieved  on  as-HIPed  and  heat  treated  material  are  very  encouraging 
. • . ....  rrenl  , at 

■ ■ • • • ■ ivailabli  foi  ■ 

In  between  these  two  extremes  is  the  possibility  of  HIPincj  shaped  forging 
preform?.,  so  offering  some  of  the  material  cost  saving  along  with  forging 
to  give  tin*  optimum  properties. 

A umber  of  these  approaches  are  at  present  being  pursued  with  work  con- 
centrating on  one-  alloy,  a low  carbon  version  of  a nickel-chromiun-cobal t- 

1 • 

following  is  i summary  of  this  work  at  the  present  time: 

1 . nit  am*  LA'PVb.yn  mai.  K(jkc;i: 

The  major  aim  of  this  route  was  to  utilise  present  day  UK 
forging  technology  to  produce  an  alloy  with  a respectable 
iplift  in  mechanical  properties  over  current  disc  alloy:.. 

Initial  problems  with  prior  particle  boundary  phases  were 
solved  by  modifying  the  carbon  content  of  the  alloy  and  at 
tin-  same  time  encouraging  carbides  to  precipitate  intra- 
qranularly  rather  titan  at  prior  particle  boundaries  by 

■ * • r ' ■ 

ui  i l*  i rt  preference  to  MC  types. 

The  :ndfority  of  this  work  has  been  performed  on  8-in  diameter 
discs  fig.  although  an  exercise  is  at  present  underway 

producing  larger  discs  of  approximately  lH-in  diameter.  Bil- 
lots were  HIPed  in  mild  steel  cans  and  forged  in-house  by  a 

■ , 

order  of  o.l  sec"*  and  6 sec”!  being  used.  During  all  oper- 
ations cladding  in  mild  steel  or  nickel -base  alloy  was  found 
to  bo  necessary  to  obtain  optimum  forgeability. 

forging  temperatures  and  reductions  were  investigated  and 
iltimatoly  chosen  such  that  a partially  warm-worked  "necklace" 
structure  was  obtained,  rig.  f>,  which  was  found  to  be  necessary 
in  order  to  maximise  mechanical  properties,  particularly  low 
cycle  fatigue.  Typical  properties  obtained  are  shown  in  Table 
4.  The  material  1?.  notch  a treng thened  in  both  tensile  and 
creep-rupture  with  high  levels  ot  ductility.  However,  the  low 
cycle  fatigue  results  are  the  most  outstanding  property  since 
it  ha*  been  found  that  fully  recrystallised  APK1  tested  under 
i i In  condition!;  t . » i 1 aftei  . maximum  of  ',<X>>  cycle.. 
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Although  there  is  a paper  in  this  conference  specifically  on  the 
ii>  «*ct  of  isothermal  forging  ol  superalloys  it  is  worthwhile 

l ' 

Coo^jany.  To  date  only  small-scale  forgings  have  been  produced 

A l I i . Material  in  the 

..-mi  condition  ha  bean  foi  ilthoug  I 

diti  »f  it  i . not  super: > 1 ' tic  the  trials  performed  up  to  tlie 
present  using  a modified  lOOO  tonne  hydraulic  press  have  con- 
firmed the  following  advantages: - 

a)  t the  lower  forging  speeds  the  flow  stress  of  the 

material  is  reduced.  It  I.  ■ been  found  that  the 
forging  load  on  APK  1 rises  by  400%  when  going  from 
a strain  rate  of  0.016  min"1  to  a conventional  press 
forge  at  >..’5  sec"1. 

.roator  control  and  uniformity  of  warm-worked  structures 
can  be  obtained  by  being  able  to  select  the  exact  forg- 
train  ral  . 

pr  iperties  slightly  in  excess  of  those  obtained  by  con- 
ventional forging  have  been  achieved  on  4-in  diameter 
forgings  in  APK  1.  The  attainment  of  low  cycle  fatigue 
properties  in  particular  would  appear  to  be  easier. 

Shorter  processing  routes  for  discs  are  envisaged  since 
a one  step  forging  operation  from  billet  to  finished 
• 

maximise  the  utilisation  of  the  HIP  unit  since  full 
jylindx  d billet  < u be  is«  l. 

Although  not  fully  investigated  it  is  known  that  there 
is  the  probability  of  being  able  to  forge  closer  to 
onic  sliape  and  the  International  Nickel  Co.  Inc.  dev- 

; • . • ' thex  m ^plasticity*  will  be  t ralue 

in  this  context.  This  latter  aspect  is  discussed  in  more 
detail  l.i*  or  in  t. h«  puper. 

. ) Nickel-base  die  materials  are  being  assessed  since  they 

are  readily  available  in-house  and  are  considerably  cheaper 
than  molybdenum  base  alloy  dies. 

HI l A PKEKORM  AND  FORGE 

The  cost  saving  potential  of  this  route  is  readily  apparent  in 

■ i | the  n mi  fexr  of  £01 

been  placed  in  the  range  of  10%  to  40%  over  the  HIP  billet  plus 
: Learly 

ularly  so  when  viewed  from  the  ultimate  customers  point  of  view. 

t 

preform  will  clearly  bo  in  excess  of  that  for  billet  manufacture 
since  individual  shaped  cans  have  to  be  made,  tested,  tilled, 

HXPed  and  individually  assessed  to  ascertain  their  integrity. 

►f  preform  shapes  will  b<  i imbin- 
ation  of  the  forgers  needs  and  those  of  the  metallurgist  to 
ensure  uniformity  of  structure  and  properties  throughout  the 
■ 

activity  has  recently  commenced  at  the  author's  Company  to 
examine  the  preform/forge  route  in  detail. 

HIP  TO  SHAPE 


The  requirement  for  non-de.structively  testing  an  as-HIP  component 
is  at  present  limiting  our  current  activity  to  the  sonic  outline 
but  even  so  potential  cost  savings  in  the  range  50-05%  over  the 
forged  billet  route  have  been  • itimatod.  *»• 

Perhaps  the  most  critical  aspect  of  this  approach  is  the  technique 
used  to  manufacture  the  shaped  powder  container.  Kelsey-Hayes  have 
developed  their  "glass-bag"  technology  and  Crucible  Inc.  a "ceramic 
container"  4 but  other  workers  in  the  field  are  concentrating  on  metal 
cans.  Within  the  Company  our  effort  is  being  concentrated  on  two 
approaches: - 
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a)  For  moderately  complex  sonic  outlines  metal  spinnings  in 
ferritic  or  austenitic  steel  sheet  are  producer]  which 
are  then  welded  together  and  filled  with  powder.  The 
production  of  spinnings  is  a relatively  simple  technique 
and  quite  cheap  starting  materials  are  utilised.  A 
typical  spun  can  and  resultant  sonic  shape  disc  are 
shewn  in  Figs.  7 and  8. 

b)  For  more  complex  shapes  a "superplastic  bagging" 
technique  developed  by  International  Nickel  Inc.  is 
used.  Two  sheets  of  superplastic  alloy  are  welded  to- 
gether and  blown  into  moulds  of  the  required  shape. 

The  degree  of  complexity  achievable  wi  tli  this  technique 
has  yet  to  be  established  but  initial  trials  are  prom- 
ising. 

In  both  cases  after  Hiring  the  can  is  removed  by  machining  or  pickling 
k light  machining  skim  to  the  sonic  outlin<  . 
property  data  has  been  established  for  as-HIPed  and  heat-treated  APK  1 
• ■ m . t tract 

Ldent,  wit 

and  the  material  being  notch  strengthened  in  tensile  and  creep  rupture 
By  varying  the  HIP  cycle  and  heat- treatment  parameters  slight  varia- 
tions in  the  balance  of  these  properties  can  be  achieved.  Although 
the  strength  levels  developed  are  not  as  high  as  those  obtained  on  the 
alloy  in  the  warm  forged  condition  they  are  higher  than  those  achieved 
on  many  present  day  conventionally  produced  disc  alloys,  e.g. 
WASPALOY*,  NIMONIC*  alloy  901.  Fig.  ) shows  comparative  650  C tensile 
properties  for  APKl  and  some  of  these  conventional  alloys.  This  data 
highlights  the  fact  that  if  the  cost  savings  envisaged  can  be  real- 
ised, as-HIPed  components  in  APKl  may  be  more  cost  effective  than 
these  convent 
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All  the  above  techniques  are  now  becoming  well  established  in  terns  of  development 
activity  and  discs  made  by  a number  of  these  routes  by  various  organisations  are 

• • 

In  future  there  appears  to  be  one  additional  technique  which  can  be  made  to  any  of 
these  processing  routes  to  give  added  beneficial  effects.  This  now  technique  is 
termed  Thermoplastic  Processing  5(T/P)  the  basis  of  which  is  to  heavily  cold-work 
• • • ; 1 «•<!  powder,  by  attrition  or  rolling,  prior  to  compaction  such  t hut  m. 

heating  to  compaction  temperatures  fine  recrystallised  grain  sizes  of  the  order 
re  produced 

stress  of  the  material  at  hot  working  temperatures. 


For  disc  production  using  TP  powder  in  place  of  atomised  powder  the  following 
advantages  can  be  seen:- 


a) 


b) 


c) 


d) 


A superplastic  as-HII'ed  billet  can  be  produced  to  a size  limited 
Ly  by  the  HU  mit  sill  :apabilit y . 1 the  equati  r- 


where 

flow  stress 

K 

con star 

it 

£ 

strain 

rate 

m 

strain 

rate  sensitivity  factor 

Vr> ' 

sgperplastic  behaviour.  Values  determined  by  tensile  testing  T I 
PK3  • • ' ' re  the  i .45  t . . 


Thus;,  It  i s anticipated  that  the  number  of  forgings  stages  from  billet 
can  bo  considerably  reduced  and  closer  to  size  forgings  should  be 
obtainable. 


Larger  powder  sizes  than  is  the  current  practice  can  be  utilised 

■ • • • . • • ■ . *w  i*-i  i ••  t y ■ iU. 

economics  of  powder  a toi 

Since  the  powder  has  greatly  reduced  flow  stresses,  lower  HI!  temp- 
eratures and  pressures  can  be  used.  This  will  allow  even  more  scope 
for  varying  the  structure  and  properties  of  as-HIPed  material  and 
impr*>ve  Hiring  economics. 

Conventional  forging  of  T/P  APKl  has  been  performed  with  a > -40% 
reduction  in  forging  loads  over  ordinary  atomised  powder. 


TRADE  MARK 


continued  ...  6 
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el  Even  though  larger  powder  size  fractions  aro  used  the  tap  density 

remains  above  60%  of  the  theoretical  density. 

T I p«  K'  ssinq  is  at  present  being  investigated  on  a production  scale  at  Henry 
w>  <•!»'•  and  Conn  eiy  with  H-in  diameter  discs  being  forged  and  shaped  cot:.)  nest- 
: tlj  HIPed.  At  present  it  > liffii  ilt  • late  mini  ■ w 

he  the  level  of  cost  saving  offered  by  including  T/P  processing  in  the  disc 
production  sequence,  but  the  benefits  are  thought  to  be  considerable. 


i 1 1'td.L'b  1 

: tuj  iperalloy  dl  will  loubt,  J thi  ext  fee  years, 

an  accepted  production  route.  Variations  in  the  route  allow  for  a choice  between  maximum  pro- 
pertied and  maximum  st  savings.  it  is  therefore  apparent  that  there  could  be  the  situation 
where  one  alloy  could  be  used  in  a wide  range  of  engine  designs  the  properties  and  cost  being 
etail  1 roduct  proci  . 
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FIG.  ».  COMPARISON  OF  APKI  TENSILE  PROPERTIES  WITH  THOSE 

ACHIEV ABLE  ON  PRESENT  DAY  CAST  WROUGHT  DISC  ALLOYS 
TEST  TEMPERATURE  SHOWN  IN  BRACKETS) . 


* 


PHYSIC Al.  PROPERTIES  AND  PAN  CliNTIATS  OK  AltlXIN 
ATOM  bill  AI’Kl 


-100  mesh  powder 


Bulk  Density 

50T 

Tap  Density 

04  T! 

Flow  Kate  (Hall  flowmeter) 

10  secs 

BS  Mesh  Size 

02(ppm) 

N2(ppm) 

A (ppm) 

-36  *100 

25 

17 

2.6 

-100  *200 

32 

10 

1.5 

-200  * 300 

42 

17 

1.0 

-300 

08 

16 

0.6 

ANALYTICAL  CAPABILITY  FOR  TRAMP 

ELEMENTS 

IN  APK  1 BY  THE 

HOLLOW  CATHODE”  TECHNIQUE 

Element 

Lower  Reporting 
Limit 

Accuracy 

Pb 

0. 1 ppm 

B1 

0.  1 " 

Sn 

2.0  " 

Sb 

0.5  " 

All  elements  to 

T1 

0.2  " 

an  accuracy  of 

Ag 

0.1  " 

*_  5 to  159f  of 

As 

10.0  " 

the  content 

Te 

1.0  " 

Cd 

0.1  " 

Zn 

0.5  " 

TARI.E  3. 

POSS1B1  1 DISC  PKODLC TION  ROFTES  LTIL1S1NC,  POWDER  SLPKRAI .1-0 VS 


(A) 

<B) 

(C) 

<D) 

(E) 

HIPHlllet 

HIP  Billet 

HIP  Preform 

HIP  to  sonic 

HIP  to  final 

| 

1 

| 

sh 

ape 

Multistage 

V 

Iso  therm  ally 

Single  Stage 

Forging 

Forge 

1 

Forge 

l 

1 

1 

> 

t 

Machine  to 

Macnine  to 

Machine  to 

Light  Machine 

Sonic 

1 

Sonic 

J 

Sonic 

V 

UST 

V 

UST 

V 

I'ST 

I 

UST 

1 

i 

1 

> 

\ 

t 

Machine  to 

Machine  to 

Machine  to 

Machine  to 

l ight  Machine 

Final  Shape 

Final  Shape 

Final  Shape 

Final  Shape 
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TVI'K  AI  MECHANICAL  PROPERTIES  ACHIEVED  ON  A [IK AT-TRE ATED 
s INCH  DISC  OF  APK1  !•'(  )IU;K  I > ON  CONVENTION  A I EQUIPMENT  TO  LIVE 
A NECKLACE  STRUCTURE 


Position 

Property 

Radial 
Mid- Radius 

Tangential 

Periphery 

650°C  tensile  0.2 T!  PS.  N/mn/ 

1010  1053 

TS,  N/mm 

1362  1385 

El.  T 

22.  8 26.  0 

R of  A.  T 

27.  9 26.  0 

■ 

NTS,  N/mm 

1809  1859 

1811  1824 

N/P  Ratio 

1.31-1.36 

1.  29-1.  31 

20°C  tensile  0.2  PS,  N/mn/ 
TS,  N/mm" 

1155 

1538 

El,  C 

26.  0 

It  of  A,  H 

35.  9 

NTS  N/mm 

2013 

N/P  Ratio 

1.  31 

Creep  Rupture  Plain  I.ife,  h 

H a 

o 

00 

o 

760N/mm“,  705°C  El,  'S 

12.3  12.6 

Notch  Life , h 

397  417 

TPS  in  lOyh  at 

770N/mm“,  650°C 

0.  10 

SOON/mm**,  700°C 

0.06 

2 o 

LCF  at  lOHON/mm  , 600  C 

148000d 

105000d 

cvc  les 

123000d 

145000d 

d - discontinued 
Heat  treatment 

•Ih  1080°C  OQ  2-1  h U50°C  AC  * »h  760°C 


i Ain  i .. 


typical  pitoin  imi  s < >i  as-  mi’  n is  m \ i no  mid  aim  .1 


0 .2 

650  C tensile  0.2  PS.  S mm,, 

TS,  S/mm" 

ei,  ; 

Kof  A.  | 2 

NTS,  N/mm*’ 
N/P  Ratio 

070  075 

1 336  1 348 

25.0  10.6 

23.8  17.4 

1717  1722 

1.27  - 1.20 

20°C  tensile  0.  2 I’S,  N/mm" 
TC,  N/mm" 
El.  '* 

R of  A , 

NTS  N/mm" 
N/P  Ratio 

1036  1042 

1412  1388 

20.7  17.4 

24.3  10.8 

1871  1858 

1.32  - 1.35 

Creep  Rupture  Plain  Life,  h 
760N/mm“,  705°C  El,  % 

Notch  Life,  h 

2 o 

LCF  at  1080N/mm  , 600  C,  cycles 

3731  8330 

r 
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MANUFACTURE  OF  LOW  COST  P/M  ASTROLOY  TURBINE  DISKS 

Dennis  J.  Evans 
Pratt  & Whitney  Aircraft 
400  Main  Street 

East  Hartford,  Connecticut  06108 


The  performance  requirements  of  advanced  military  qas  turbine  engines  have  fostered 
the  development  of  many  high  strength  alloys  for  high  temperature  disks.  Typical  of  these 
high  strength,  high  temperature  capability  disk  alloys  is  Astroloy. 

The  use  of  powder  metallurgy  to  produce  components  from  difficult  to  forge  alloys 
has  been  demonstrated.  However,  as  the  costs  of  raw  materials,  labor  and  processing  in- 
crease rapidly,  the  stimulus  for  continued  powder  processing  development  shifts  from  per- 
formance to  that  of  raw  material  conservation  and  cost  reduction. 

It  was  the  object  of  this  program  to  demonstrate  the  reproducibility  of  the  product 
obtained  from  the  forging  of  annular  preforms  using  a carbon  modified  Astroloy  powder  and 
to  establish  production  processes  and  specifications  relevant  to  this  product. 

The  technical  approach  taken  was  to  procure  hot  isostatical ly  pressed  low  carbon 
Astroloy  forging  preforms  from  two  powder  sources.  One  source  utilized  high  pressure 
consolidation,  the  other  low  pressure  consolidation.  These  as-HIP'ed  preforms  were  ham- 
mer forged  at  Ladish  Company.  Subsequent  mechanical  property  evaluation  verified  the 
quality  of  these  components  and  a disk  for  engine  qualification  was  made  available  for 
testing . 

Three  as-HIP'ed  annular  contour  preforms  were  purchased  from  Kelsey  Hayes  Company, 
Brighton,  Michigan,  for  evaluation  as  a source  for  powder  metal  preforms  consolidated 
under  low  pressure  (750  psi)  and  high  temperature  (~2250F).  The  preforms  were  fabricated 
as  shown  schematically  in  Figure  1. 


FIGURE  1.  SCHEMATIC  OF  PROCESS  USED  TO  PRODUCE  HIP  PREFORMS  AT  KELSEY  HAYES. 

Vacuum  induction  melted  ingot  of  the  desired  chemistry  was  obtained  from  Special  Metals 
Inc.,  then  vacuum  melted  and  argon  atomized  into  powder  by  Kelsey  Hayes.  The  all  inert 
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handled  -80  mesh  powder  was  hot  dynamically  vacuum  outgassed  by  vibrating  the  loose  pow- 
der down  an  inclined  plane  in  vacuum  at  approximately  900F  into  pre-evacuated  fused  silica 
containers.  These  filled  containers  were  sealed  vacuum  tight  and  preheated  at  2200F  for 
approx imately  three  hours,  loaded  hot  into  the  Kelsey  Hayes  internally  heated  autoclave 

and  consolidated  at  2250F  for  two  hours  at  750  psi. 

Impact  forging  of  the  preforms  was  successfully  accomplished  at  Ladish.  Intermedi- 
ate reheats  were  used  between  strikes  when  necessary  to  maintain  the  proper  forging  tem- 
perature. Forging  to  completion  (die  fill)  was  not  possible  in  the  first  series  of  strikes 
as  the  oversize  nature  of  the  preforms  created  excess  flash  in  the  rim  preventing  back- 
filling the  bore.  The  forgings  were  trimmed  of  flash  and  successfully  forged  to  comple- 

tion. Appearance  of  the  as-forged  disks  is  shown  in  Figure  2.  An  average  reduction  in 
thickness  of  25%  was  imparted  during  the  forging. 


FIGURE  2.  APPEARANCE  OF  THREE  TURBINE  DISKS  FORGED  FROM  LOW  CARBON  ASTROLOY  PREFORMS 
HIP  AT  2250F,  750  PSI. 


All  forgings  were  heat  treated  as  follows:  2060F/4  hours/SQ  (600F)  + 1600F/8  hours/AC  + 

1800F/8  hours/AC  + 1200F/24  hours/AC  + 1400F/8  hours/AC. 

The  forging  was  sectioned  and  evaluated  to  provide  a thorough  documentation  of  micro- 
structure and  mechanical  properties  throughout  the  disk.  Grain  size,  degree  of  recrys- 
tallization and  grain  texture  varied  considerably  throughout  the  disk  depending  on  the 
extent  of  forging  work  in  each  of  the  respective  areas.  This  is  easily  seen  by  comparing 
the  microstructure  of  the  web  location/radial  direction,  Figure  3,  which  has  been  heavily 
worked  and  has  a relatively  fine  grain  size  compared  to  the  bore  location/tangential 
direction,  which  has  been  deformed  little  and  has  a coarser,  more  equiaxed  grain  size. 

Mechanical  properties  of  this  disk  were  determined  using  tensile,  stress  rupture, 
creep,  low  cycle  fatigue  and  fatigue  crack  growth  rate  tests. 

Tensile  testing  at  room  temperature  and  1400F  was  conducted  at  six  representative 
locations.  Figure  4 shows  room  temperature  strength  and  ductility  to  be  sati sf actory . 

The  1400F  strength  was  also  satisfactory,  however,  the  bore  ductilities  were  generally 
lower  than  in  other  test  locations.  Low  bore  ductility  is  attributed  to  insufficient 
work  penetration  during  forging. 


FIGURE  3.  MICROSTRUCTURE  IN  VARIOUS  LOCATIONS  THROUGHOUT  A FULLY  HEAT  TREATED  LOW  CARBON 
ASTROLOY  HIP  PLUS  FORGED  TURBINE  DISK. 


TENSILE 

TEMPERATURE  2%  YS  UTS  EL  RA 

70  °F  150-159  KSI  _ 205-219  KSI 1 5-22% 19-34% 

TARGET  140  195  _15  18 

1400°F  125-132  150-165  15-23  18-42 

TARGET  125  150  15  20 

STRESS  - RUPTURE 

1400°F/85  KSI  19-29  HOURS 12-15%  EL 

TARGET  15 12 

CREEP 

1300°F/74  KSI 210-220  HOURS.  0.1% 

TARGET 110 

FIGURE  4.  MECHANICAL  PROPERTIES  OF  HIP  PLUS  FORGED  LOW  CARBON  ASTROLOY  TURBINE  DISKS. 
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Stress  rupture  testing  was  performed  using  combination  smooth-notched  (Kt  = 3.5) 
specimens  taken  from  each  of  the  above-mentioned  six  areas.  Testing  was  done  at  HOOF 
at  a stress  of  85,000  psi.  Again,  ductilities  in  the  bore  area  were  lower  than  more 
heavily  worked  regions,  with  adequate  lives  in  all  areas. 

Creep  testing  at  1300F/74  ksi  proved  the  material  to  be  adequate,  with  time  to  0.1% 
elongation  exceeding  200  hours  in  all  specimens  tested.  A 40  specimen  low  cycle  fatigue 
program  was  conducted  at  frequency  of  60  cps  to  provide  a basis  for  comparing  the  fatigue 
lives  of  powder  processed  low  carbon  Astroloy  to  conventional  cast  plus  wrought  Astroloy. 
Stress  controlled  testing  wan  performed  on  smooth  and  notched  (Kt.  2,  3)  specimens  at 
1175F  at  various  stress  levels.  One  set  of  Kt  = 3 specimens  was  tested  at  1000F,  with 
the  life  under  all  conditions  exceeding  component  requirements. 

A second  disk  forged  by  Ladish  from  a Kelsey  Hayes  HIP  preform  was  machined  to  the 
sonic  configuration  and  inspected  by  production  NDI  procedures  to  conventional  Astroloy 
requirements  and  was  shown  to  be  acceptable.  Subsequently,  the  disk  was  finish  machined 
prior  to  experimental  engine  testing.  The  disk  began  engine  testing  in  a static  experi- 
mental engine  test  initiating  in  December,  1975. 

To  evaluate  an  alternative  to  low  pressure  HIP  preform  consolidation,  Pratt  & Whitney 
Aircraft  ordered  from  I.adish  Company  turbine  disks  forged  from  preforms  HIP'ed  at  15,000 
psi.  One  set  of  three  forging  preforms  was  ordered  by  Ladish  and  produced  in  much  the 
same  way  as  those  produced  by  Kelsey  Hayes,  with  the  primary  exception  of  the  use  of 
15,000  psi  HIP  pressure  instead  of  the  750  psi  HIP  used  by  Kelsey  Hayes. 

Subsequent  to  argon  atomization,  much  of  the  handling  of  the  powder  was  performed 
in  air.  The  removal  of  water  vapor  adsorbed  during  air  handling  was  accomplished  by 
baking  the  powder  in  air  at  250F  for  approximately  one  hour.  After  drying,  the  powder 
was  transferred  (hot)  in  air  into  a chamber  which  was  then  evacuated  to  1-5  microns  vacuum. 
The  powder  was  poured  in  vacuum  at  room  temperature  into  pre-  lacuated  austenitic  stain- 
less steel  containers. 

The  preform  container  was  removed  by  machining  and  the  preform  inspected  using  fluo- 
rescent penetrant.  No  flaws  were  found.  A macroetch  of  the  surface  did  reveal  striations 
caused  by  segregated  layers  of  coarse  and  fine  powder  particles. 

Microstructures  of  powder  fill  tube  locations  were  documented  using  optical  micro- 
scopy and  were  found  to  possess  heavy  prior  particle  boundary  precipitates.  Material  in 
two  of  these  evacuation  tubes  was  analyzed  for  oxygen  and  nitrogen  and  found  to  contain 
more  than  200  ppm  of  oxygen.  This  heavy  concentration  of  oxygen  of  the  prior  particle 
boundaries  indicate  improper  handling  and/or  insufficient  outgassing  of  the  powder. 

Since  one  forging  preform  had  an  acceptable  structural  appearance  in  both  the  fill 
tube  and  on  the  surface  replica,  it  was  decided  that  this  preform  had  the  best  chance  of 
yielding  a low  oxygen,  forgeable  structure.  A 1"  diameter  pin  was  removed  from  the  mid- 
radius, macroetched  and  analyzed  for  oxygen  and  nitrogen  at  the  top,  middle  and  bottom 
of  the  preform.  Striations  were  shown  to  exist  throughout  the  preform  and  were  not  just 
associated  with  the  surface.  An  oxygen  gradient  of  approximately  70  ppm  also  existed 
from  the  outside  to  the  center  of  the  compact  (52-77  ppm  in  the  center  and  121-145  ppm 
oxygen  within  3/16"  of  the  surface). 

Apparently  the  combination  of  air  handling  and  a subsequent  lack  of  adequate  hot 
dynamic  outgassing  permitted  the  retention  of  high  quantities  of  oxygen  on  the  surfaces 
of  the  powder  encapsulated  in  the  proforn.  A large  portion  of  this  oxygen  diffused  toward 
the  outer  walls  of  these  preforms  in  the  initial  stages  of  HIP  as  the  outer  portions 
heated  first  gettering  the  available  oxygen. 

A second  set  of  high  pressure  HIP  preforms  was  ordered  by  Ladish  from  another  powder 
supplier.  These  forging  preforms  were  made  using  argon  atomized  low  carbon  Astroloy  pow- 
der, canned  in  stainless  steel  containers  and  HIP'ed  at  15,000  psi. 

Austenitic  stainless  steel  containers  were  loaded  with  powder  in  air,  evacuated  with 
a mechanical  roughing  pump  to  a low  vacuum  and  hot  bulk  outgassed  at  a temperature  of 
1500F  for  approximately  48  hours.  The  containers  were  sealed  and  shipped  to  Battelle 
Memorial  Institute  where  they  were  HIP'ed  at  2050F  for  three  hours  at  15,000  psi  in  an 
internally  heated  autoclave. 

Oxygen  analysis  was  performed  on  material  taken  from  the  fill  tubes  of  all  three 
preforms  to  determine  if  outgassing  procedures  were  adequate.  These  results  showed  two 
pre  orms  to  have  over  200  ppm  of  oxygen  with  the  third  preform  having  approximately  100 
ppm  of  oxyqen. 

In  order  to  verify  these  levels  of  oxygen  in  the  bulk  of  consolidations  of  the  hiqh 
oxygen  preforms,  a one-half  inch  thick  ring  was  trepanned  from  the  top  of  these  preforms. 
Oxygen  analysis  was  then  made  on  four  samples  taken  from  the  interior  of  this  rinq  90° 
apart . Tins  verified  the  high  oxygen  contents  found  in  the  fill  tube  with  between  100 
and  216  ppm  oxygen.  The  microstructure  of  these  rings  were  examined,  and  found  to  still 
exhibit  heavily  outlined  prior  particle  boundaries. 

Forging  was  then  attempted  on  the  lowest  oxyqen  preform  using  a preheat  above  2200F, 
standard  impact  forging  technique  and  Ladish  die  shape;  i.e.,  a repeat  of  the  previously 
successful  procedure.  After  only  two  blows,  in  which  less  than  10*  deformation  was 
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achieved,  a radial  crack  occurred  in  the  outer  diameter  of  the  billet.  The  cracked  area 
was  removed  intact  and  examined  macroscopica I ly  and  microscopically  in  an  attempt  to  iden- 
tify the  cause  for  cracking. 

identif ial  < i reign  mater ial  could  ba  found.  Dieri  wa  ilso  m indicat  m of 
hea  r part  ’ tates.  icygen  analyses  on  specimens  taken  1/8"  be- 

low the  surface  of  the  crack  fact'  indicated  levels  between  120  and  190  ppm.  To  determine 
whether  these  values  were  typical  of  the  entire  preform,  a 1/2"  diameter  axial  core  was 

removed  from  the  thickest  portion  of  the  disk,  with  oxygen  content  measured  at  several 

locations.  Analysis  of  this  core  showed  the  oxygen  levels  to  be  acceptable  with  a gradient 

of  47  ppm  in  the  center  to  93  ppm  at  the  bottom  of  the  core.  Therefore,  in  view  of  the 

acceptable  oxygen  levels  in  the  test  core,  it  was  decided  to  continue  the  forging.  The 
test  ci  re  hole  was  fitted  with  a steel  plug  and  the  fotging  attempted  again.  After  five 
forging  passes,  the  forging  was  halted  as  numerous  cracks  had  occurred  in  the  outer  edge 
of  the  disk. 

Prior  to  the  selection  of  the  third  source  for  high  pressure  Hlp’ed  preforms,  a re- 
view of  the  program  with  PkWA,  AFML  and  Ladish  personnel  resulted  in  the  following  con- 
clusions . 

1.  An  improvement  in  powder  handling  and  outgassing  procedures  must  be  obtained  to 
insure  a low  level  of  oxygen  and  an  acceptable  prior  particle  boundary  structure. 
It  was,  therefore,  decided  to  have  the  powder  handled  completely  in  an  inert 
atmosphere  and  to  be  hot  dynamically  outgassed  prior  to  vacuum  loading  into  pre- 
evacuated containers. 

2.  It  was  also  apparent  that  subscale  companion  consolidations  are  not  representa- 
tive of  much  larger  consolidations  when  air  handling  of  powder  and  marginal 
outgassing  is  performed;  i.e.,  it  is  much  easier  to  effectively  bulk  outgas 
small  compacts  than  large,  250  pound  containers.  Therefore,  a bulk  sample  must 
be  included  in  the  preform  shape  to  permit  evaluation  of  the  as-HIP'ed  material 
prior  to  forging. 

3.  Finally,  it  was  concluded  that  the  effects  of  high  HIP  temperature  2250F) 

were  probably  beneficial  in  improving  the  forgeability  of  low  carbon  Astroloy,  R 
therefore,  a higher  HIP  temperature  was  specified.  Federal  Mogul,  now  the  Udimet 
powder  Division  of  Special  Metals,  was  selected  to  supply  the  replacement  pre- 
forms . 

The  powder  used  in  this  phase  of  the  program  was  handled  completely  under  inert  at- 
mosphere. Outgassing  of  the  powder  was  accomplished  by  exposing  the  loose  powder  to  a 
dynamic  vacuum  during  the  loading  of  the  pre-evacuated  mild  steel  containers.  After 
filling,  these  containers  were  heated  to  500F  and  further  outgassed.  The  containers  were 
crimped  vacuum  tight  and  shipped  to  Kawecki  Berylco  Industries,  Inc.  (KPI),  Hazelton, 
Pennsylvania,  where  they  were  hot  isostatic  pressed  at  2215F  (the  highest  autoclave  tem- 
perature permitted  at  KB  I ) , 15,000  psi  for  three  hours. 

Oxygen  and  nitrogen  analyses  were  taken  on  material  from  test  rings  located  at  the 
bore  of  the  HIP  preforms.  Analyses  were  made  in  three  different  locations  to  determine 
the  degree  of  outgassing.  This  data  show  the  oxygen  level  to  be  at  or  below  70  ppm 
oxygen  and  30  ppm  nitrogen  in  all  tested  areas. 

The  Federal  Mogul  preforms  were  forged  using  conventional  impact  forging  techniques. 

A preheat  temperature  of  over  2000F  was  used  during  the  forginq.  Both  disks  were  success- 
fully forged  to  completion;  however,  the  cycle  was  stopped  to  permit  blending  of  several 
small  edge  cracks  that  occurred  in  the  final  stages  of  forging.  The  forged  disks  are 
shown  in  Figure  5. 

One  disk  was  sectioned  into  quarters  to  permit  heat  treat  studies  to  be  performed  in 
order  to  optimize  the  balance  of  tensile,  creep  and  stress  rupture  properties.  The  treat- 
ment selected  was  2040F/4  hours/RAC  t 1600F/8  hours/AC  + 1800F/8  hours/AC  + 1200F/24  hours/ 
AC  + 1400F/8  hours/AC.  The  second  disk  was  heat  treated  by  Ladish,  sectioned  with  approxi- 
mately 40*  beinq  retained  by  Ladish  for  tensile,  stress  rupture  and  creep  testing.  The 
remainder  was  shipped  to  Pt.WA  for  low  cycle  fatigue  and  low  cycle  fatique  crack  growth 
rate  testing. 

Tensile  test  data  generated  by  Ladish  indicated  marginal  properties,  particularly 
at  elevated  temperature.  A review  of  the  microstructure  revealed  that  an  unacceptably 
high  temperature,  near  or  slightly  above  the  gamma-prime  solvus,  had  accidentally  been 
reached.  The  result  was  to  relieve  much  of  the  forged-in  strength. 

In  order  to  determine  if  an  improvement  in  tensile  and  stress  rupture  properties 
could  be  obtained  by  developing  a duplex  microstructure  of  coarse  unrecrys tal 1 i zed  grains 
surrounded  by  fine  recrystallized  grains,  the  remaining  as-forged  portion  of  the  first 
disk  was  heat  treated  at  2030F  for  four  hours  and  given  a rapid  air  cool.  The  four-step 
carbide  stab l 1 i zat ion  and  age  followed.  The  results  of  the  testinq  showed  improvements 
in  1400F  yield  strengths  and  ductilities,  as  well  as  increased  stress  rupture  ductility 
and  notched-specimens  life.  Room  temperature  strengths  were  136-143  ksi  yield,  199-209 
ksi  ultimate,  19-20*  elongation  and  24-37*  R.A.  At  1400F,  strengths  were  120-126  ksi 
148-156  ksi  ultimate,  15-291  elongation  and  18-41*  r.a; 


FIGURE  5 


APPEARANCE  OF  TWO  TURBINE  DISKS  FORGED  FROM  LOW  CARBON  ASTROLOY  PREFORMS  HIP 
AT  2215F,  15,000  PSI. 


In  order  to  determine  the  effectiveness  of  the  Federal  Mogul  vacuum  outgassing  and 
loading* process , material  was  taken  from  five  locations  in  the  second  disk  and  analyzed 
for  oxygen  and  nitrogen.  Oxygen  and  nitrogen  contents  were  very  low  with  a gradient  of 
40  to  70  ppm  oxygen  detected. 


As  a result  of  this  work,  it  was  concluded  that  conventional  forging  of  hot  isosta- 
tically  pressed  Astroloy  preforms  yields  acceptable  properties  for  application  to  turbine 
disks . 
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SUMMARY 

A program  was  initiated  to  reduce  the  cost  of  fabricating 
superalloy  turbine  engine  components  through  the  utilization 
and  improvement  of  powder  metallurgical  techniques.  To 
date,  investigations  have  been  conducted  on  both  powder 
production  and  powder  consolidation.  Specifically,  it  was 
demonstrated  that  the  cost  of  powder  production  could  be 
significantly  reduced  at  the  expense  of  small  property 
changes  through  the  use  of  virgin  materials  and  powder 
revert  during  melting,  minimizing  inert  handling,  and 
the  use  of  coarser  mesh  fractions.  Relative  to  consolidation, 
it  was  also  shown  that  ceramic  molds  can  be  used  to  produce 
near  net  shaped  parts  by  direct  HIP  or  by  sinter  plus  HIP 
techniques.  The  verification  of  these  processes  is  currently 
in  progress  through  the  fabrication  and  evaluation  of  a full 
scale  turbine  disc  with  an  integral  stub  shaft. 


INTRODUCTION 

Initial  superalloy  powder  developments  resulted  from  efforts  to  improve  the  quality  and  homo- 
geniety  of  wrought  billet  material.  Subsequently,  activities  were  directed  at  achieving  very  high  strengtl 
levels  using  compositions  normally  considered  suitable  only  for  casting.  This  has  resulted  in  a unique 
class  of  PM  turbine  disc  materials;  however,  they  can  generally  only  be  cost  effective  where  high  levels 
of  performance  are  required. 

The  basic  purpose  of  this  program  was  to  reduce  the  cost  of  superalloy  powder  components  so  as 
to  broaden  their  base  of  application  and  make  them  cost  competitive  with  a wider  range  of  conventional 
superalloys.  Specifically,  the  program  was  to  establish  improved  and  more  economical  processes  for 
both  superalloy  powder  production  and  powder  consolidation.  Argon  atomization  for  powder  production 
and  two  different  hot  isostatic  pressing  (HIP)  techniques  for  powder  consolidation  were  selected  at  the 
outset  as  basic  processes.  Variables  that  were  investigated  in  this  program  included  melting  and 
screening  practices,  and  consolidation  times  and  temperatures. 

The  program  involved  two  major  subcontractors,  die  Crucible  Materials  Research  Center  (CMRC] 
and  the  Udimet  Powder  Division  of  Special  Metals  Corporation  (SMC).  CMRC  used  a direct  HIP  process 
which  employed  an  outer  pressure  tight  can  with  an  inner  ceramic  mold,  while  the  SMC  process  consistec 
of  a pre-sinter  cycle  in  a reusable  ceramic  mold  followed  by  a HIP  cycle.  The  density  obtained  during 
sintering  was  high  enough  to  produce  closed-cell  porosity  and  thereby  eliminate  the  need  of  a can  during 
HIP.  In  each  case,  the  program  goal  was  to  produce  a near  net  shape  and  thereby  minimize  material 
input. 


The  saperalloy  composition  used  in  the  program  is  PA101,  a hafnium  modified  IN792  material. 

It  has  demonstrated  exceptionally  high  properties  when  extruded  billet  was  forged  and  direct  aged;  room 
temperature  yield  strengths  were  typically  230  ksi  (1585  MPa).  Using  such  a material  in  the  HIP  conditic 
followed  only  by  heat  treating  would  obviously  result  in  some  loss  of  strength.  However,  prior  data 
indicated  that  this  level  of  strength  would  be  adequate  to  meet  or  exceed  the  properties  of  other  conventioi 
wrought  superalloys,  such  as  Inconel  718,  Waspaloy,  and  D979. 

PROGRAM  PLAN 

The  overall  program  was  divided  into  two  phases.  The  objective  of  the  first  phase  was  to 
investigate  various  process  variables  and  then  define  an  optimum  powder  atomization  and  consolidation 
process  based  on  property  and  cost  trade-offs.  The  selected  processes  were  then  demonstrated  by 
the  fabrication  and  evaluation  of  a simulated  turbine  disc.  Phase  El  involves  verifying  the  selected  pro- 
cessing procedure  by  the  fabrication  of  a full-scale  turbine  disc  and  then  conducting  a complete  material 
characterization.  An  organization  diagram  for  the  major  program  tasks  is  shown  in  Figure  1. 

The  Pha  e 1 billet  consolidation  trials  for  each  of  the  major  subcontractors  were  based  on 
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separate  partial  factorial  experiments.  Processing  variables  that  were  investigated  in  each  case  were 
related  to  atomization,  powder  handling,  and  consolidation  parameters  as  noted  in  Table  I.  Evaluation 
of  test  material  resulting  from  these  experiments  included  ultrasonic  inspection,  metallography,  gas 
analysis,  room  temperature  tensile  and  1200°  F (649°  C)  stress  rupture  testing.  In  addition,  ceramic 
mold  material  studies  were  conducted  to  determine  the  compatibility  of  the  superalloy  powder  with  the 
mold  material  during  consolidation.  Following  these  activities,  the  optimum  processing  variables  and 
techniques  were  selected  and  demonstration  trials  conducted  using  the  simulated  turbine  disc  shown  in 
Figure  2 as  a shape  goal. 

The  second  phase  of  the  program  was  directed  at  verifying  a PM  process  by  the  production  of  full 
scale  turbine  discs  and  then  characterizing  pertinent  material  properties.  The  Phase  II  disc  has  a stub 
shaft,  as  shown  in  Figure  3,  that  is  inertia  welded  to  a forgod  disc  when  conventionally  fabricated.  The 
material  input  for  the  conventional  D979  disc  is  102  lbs.  (46.  27  Kg),  whereas  the  goal  for  the  PA  101 
disc  was  initially  set  at  35  lbs.  (15.  88  Kg).  Phase  I of  this  program  has  been  completed  and  fabrication 
of  Phase  II  discs  is  currently  in  progress.  Only  Phase  I results  will  be  discussed  in  this  paper. 


TABLE  I - PROGRAM  VARIABLES 


DIRECT  HIP 

SINTER  + HIP 

Melting  Practice 

VIM 

VIM 

Virgin 

Revert 

Virgin  + Revert 

Powder  Particle  Size 

-28  Mesh  (595  P) 

-28  Mesh  (595  P) 

-60  Mesh  (250  P) 

-60  Mesh  (250  P) 

-100  Mesh  (149  P) 

-325  Mesh  (44  P) 

Powder  Handling 

Air 

Air 

Inert 

Inert 

HIP  Temperature 

2000°  F (1093°C) 

2100°  F (1149°  C) 

2100° F (1 149°C) 

2175°  F (1191°  C) 

2175° F (1191°C) 

2250° F (1232°  C) 

Sintering  Time 

— 

2 Hours 

HIP  Heating  Method 

Internal 

Internal 

External 


DISCUSSION  AND  RESULTS 

The  billets  consolidated  for  the  Phase  I partial  factorial  experiments  were  simple  cylinders 
nominally  4 inches  (10.  2 cm)  diameter  by  10  inches  (25.  4 cm)  high.  Slices  1 inch  (2.  5 cm)  thick  were 
removed  from  each  end  of  the  billet  and  heat  treated  following  ultrasonic  inspection.  The  heat  treat 
cycle  consisted  of  solutioning  for  two  hours  at  2050°  F (1121°C)  and  double  aging  for  16  hours  each  at 
1400°F  (760°  C)  and  1250°F  (677°  C).  Room  temperature  tensile  tests  and  stress  rupture  tests  at 
1 200°  F/ 160  ksi  (648.  9°  C/ 1 103.  2 MPa)  were  conducted  on  specimens  machined  from  each  slice. 

Sound  billets  were  obtained  for  most  of  the  processing  combinations  except  for  two  of  the  sintered 
and  HIP  billets  which  contained  some  porosity  throughout;  several  others  had  minor  porosity  at  one  end. 
The  incidence  or  porosity  appeared  unrelated  to  processing  variables  being  investigated.  Only  data  from 
sound  material  was  used  in  the  analysis  of  the  matrix  experiments. 

Average  properties  representing  the  15  direct  HIP  billets  and  22  sinter  plus  HIP  billets  are  listed 
in  Table  II.  Properties  for  direct  HIP  material  were  slightly  higher  at  room  temperature  but  its  stress 
rapture  properties  were  lower  compared  to  the  sintered  and  HIP  material.  This  was  attributed  to  a 
difference  in  grain  size;  the  direct  HIP  material  showed  a nominal  grain  size  of  ASTM  No.  7 to  9 (32 
to  1 6 microns)  while  the  sintered  and  HIP  material  had  a larger  grain  size  that  ranged  from  ASTM  No.  4 
to  7 (90  to  32  microns).  The  grain  boundaries  of  the  direct  HIP  material  were  typically  very  clean  and 
frequently  not  distinguishable  as  shown  in  Figure  4.  The  sinter  plus  HIP  material  showed  more  distinct 
outlining  of  the  grain  boundaries  by  discrete  particles  as  shown  in  Figure  5.  These  particles  were 
identified  as  M^C^  carbides  and  apparently  form  as  a result  of  some  slight  solutioning  of  the  primary 
MC  carbides  during  the  high  temperature  sinter  cycle.  Otherwise  the  structures  are  similar,  with 
large  agglomerated  particles  of  primary  gamma  prime  and  small  particles  of  aging  gamma  prime  in  a 
gamma  matrix. 

The  analyses  of  the  parti.il  factorial  experiments  to  determine  the  relative  influence  of  processing 
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Microstructure  of  Direct  HIP  PA101 


Microstructure  of  Sinter  Plus  HIP  PA101 
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TABLE  m - 

ANALYSIS  OF  VARIABLES 

RELATED  TO 

POWDER  PRODUCTION 

INFLUENCE  OF  MELT  PRACTICE 

DIRECT  HIP  (CMRC) 

SINTER  + HIP  (SMC) 

VIM 

VIRGIN 

REVERT 

VIM 

VIRGIN  + REVERT 

Tensile 

UTS 

A % 

+0.  4 

-1.  1 

+0.  7 

0.0 

0.  0 

YS 

A % 

+0.7 

-0.  7 

0.  0 

*1.2 

-0.  6 

Elong 

A % 

+2.9 

-3.  8 

0.  0 

-1.9 

+ 1.  9 

RA 

A% 

+11.2 

-6.  5 

-4.  7 

-4.  5 

+ 3.  6 

Stress  Rupture 

Log  Life 

A % 

+ 5.  5 

+ 5.  2 

-16.  4 

+4.  7 

-6.  5 

Elong 

A % 

+ 13.  6 

-13.  6 

0.  0 

+ 6.  5 

-6.  5 

RA 

A% 

-4.  5 

-18.  2 

+ 25.  0 

+ 1.  6 

-3.  1 

INFLUENCE  OF  POWDER  PARTICLE  SIZE 

DIRECT  HIP 

SINTER  + HIP 

-28  Mesh 

-60  Mesh 

-100  Mesh 

-28  Mesh 

-60  Mesh 

-325  Mesh 

(595  U) 

(250  M) 

(149  M) 

(595  L) 

(250  H) 

(44  U) 

Tensile 

UTS 

A% 

-2.0 

+ 1.  3 

+0.  8 

-1.  3 

-0.  4 

+ 1.  8 

YS 

A% 

-0.  6 

+0.  2 

+0.  4 

-0.  6 

+ 1.2 

0.  0 

Elong 

A% 

-6.7 

+ 2.  9 

+ 3.  8 

-3.8 

-3.8 

+7.  0 

RA 

A% 

-6.  5 

+2.  8 

+4.  8 

-3.  6 

-3.  6 

+ 7.  3 

Stress  Rupture 

Log  Life 

A% 

-16.  5 

-3.  9 

+ 14.  2 

-3.  1 

+0.  5 

+ 1.8 

Elong 

A % 

-13.  6 

-4.  5 

+ 18.  2 

+ 3.2 

-6.5 

+ 6.  5 

RA 

A% 

0.0 

-4.  5 

+4.  5 

+ 1.6 

-3.  1 

0.  0 

INFLUENCE  OF  POWDER  HANDLING 

DIRECT  HIP 

SINTER 

* HIP 

Air 

Inert 

Air 

Inert 

Tensile 

UTS 

A% 

+ 1.  2 

-1.  2 

+ 0.  6 

-0.  9 

YS 

A% 

+0.  1 

-0.  1 

+ 0.  6 

-1.  2 

Elong 

A% 

+ 4.  9 

-5.  9 

+2.0 

-2.  0 

RA 

A% 

+ 9.  2 

-9.  2 

-3.  6 

+ 1.  8 

Stress  Rupture 

Log  Life 

A% 

+ 1.  3 

-1.  3 

+ 3.  4 

-3.  9 

Elong 

A% 

+ 8.  7 

-8.  7 

0.0 

+ 3.  4 

RA 

A% 

0.  0 

0.  0 

+ 1.6 

-1.  6 

TABLE  IV 


ANALYSIS  OF  POWDER  CONSOLIDATION  VARIABLES 


A.  INFLUENCE  OF  HIP  TEMPERATURE 


DIRECT  HIP  (CMRC)  SINTER  + HIP  (SMC) 


T ensile 

2000°F 

(1093°C) 

2 100°F 
(1149°  C) 

2 1 7 5°  F 
(1191°  C) 

2100°F 
(1149°  C) 

2175°F 
(1 191°  C) 

2250°  F 
(1232°  C) 

UTS 

A% 

-2.  1 

+2.  1 

0.0 

+0.  4 

0.  0 

0.  0 

YS 

A% 

+2.  9 

+0.  8 

-3.7 

-0.  6 

+0.  6 

+ 1.  9 

Elong 

A% 

-17.  3 

+ 6.  7 

+9.  6 

+3.  8 

-2.  8 

-0.9 

RA 

A% 

-12.  2 

+ 5.  6 

+ 6.  5 

0.  0 

-0.  9 

+0.  9 

Stress  Rupture 


Log  Life 

A% 

+3.  0 

+2.  2 

-5.  1 

-1.  9 

+0.  1 

+3.2 

Elong 

A% 

-22.  7 

+ 18.  2 

+4.  5 

0.  0 

-12.  9 

+6.  5 

RA 

A % 

-2.  3 

+2.  3 

+2.  3 

-4.  7 

-3.  1 

+6.  3 

B.  INFLUENCE  OF  SINTERING  TIME  (SINTER  + HIP  ONLY) 


Tensile 


2 Hours 

5 Hours 

UTS 

A% 

+0.  4 

-0.  4 

YS 

A% 

0.0 

+0.  6 

Elong 

A% 

+5.7 

-3.8 

RA 

A% 

+ 3.  6 

-3.  6 

Stress  Rupture 


Log  Life 

A% 

-2.  5 

+0.  9 

Elong 

A% 

+ 6.  5 

-3.  2 

RA 

A% 

+ 6.  4 

-1.  6 

INFLUENCE  OF  HIP  HEATING  METHOD  (DIRECT  HIP  ONLY) 

T ensile 

Internal 

External 

UTS 

A% 

+ 1.8 

-1.  8 

YS 

A% 

+2.  6 

-2.  6 

Elong 

A% 

+5.7 

-5.  7 

RA 

A% 

+4.  6 

-4.  6 

Stress  Rupture 


Log  Life 

A% 

+5.  9 

-5.  9 

Elong 

A% 

+8.  3 

-8.  3 

RA 

A% 

-2.  2 

+2.  2 
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Figure  6.  A Consolidated  Phase  I Turbine  Disc 
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SUMMARY 

TM 

The  GATORIZING  forging  process  is  a hot  die  isothermal  technique  used  to 
produce  complex  configurations.  This  process  utilizes  the  superplastic  behavior 
imparted  to  advanced  superalloys  through  prior  processing  and/or  controlled 
forging  parameters.  This  technique  is  currently  being  used  in  the  production  of 
ail  of  the  turbine  disks  and  many  of  the  compressor  disks  used  in  the  rlOO  engine 
program.  The  GATORIZING  technique  has  allowed  P6cWA  to  produce  a diverse  array 
of  precision  forged  net  and  near  net  shape  superalloy  components.  Furthermore, 
because  the  process  uses  hot  dies  and  relatively  low  forming  rates,  the  response 
of  the  as-GATORIZED  workpiece  to  subsequent  heat  treatment  is  remarkably  uniform. 
Finally  the  GATORIZING  process  offers  strong  economic  advantages  over  conven- 
tional forming  techniques  in  applications  which  use  expensive  raw  materials, 
require  maximum  material  properties,  or  require  complex  component  configuration. 


I.  INTRODUCTION 

The  F100  engine  which  powers  the  Air  Force's  F-15  Eagle  air  superiority  fighter  and  the  F-16  air 
combat  fighter  is,  perhaps,  the  most  advanced  augmented  turbofan  jet  engine  in  existance  in  the  world.  The 
design  of  this  engine  was  predicated  on  the  philosophy  of  maximum  thrust  to  weight  ratio.  This  design 
philosophy  implied  the  need  for  turbine  and  compressor  materials  which  would  exhibit  extremely  high  strength 
to  density  ratios.  Early  in  the  F100  development  program,  it  became  obvious  that  the  most  advanced  operating 
turbine  disk  material  at  that  time,  Astroloy,  possessed  an  insufficient  strength  to  weight  ratio  to  satisfy 
the  goals  of  the  program.  Consequently,  a new  breed  of  high  strength,  light  weight  turbine  disk  alloys  was 
required.  P&WA  met  this  challange  with  the  development  of  powder  metallurgy  processed  IN100,  a high  gamma 
prime  content  superalloy  characterized  by  superior  strength  and  excellent  reproducibility  of  properties  in 
the  temperature  range  RT  to  1400°F. 

However,  the  major  attribute  of  this  alloy  system,  namely  excellent  high  temperature  strength,  became 
its  major  detriment  when  the  alloy  system  proved  to  be  essentially  unforgeable  by  conventional  techniques 
for  both  economic  and  metallurgical  re.  sons.  First,  the  price  of  the  powder  processed  billet  was  high,  and 
the  nerd  to  protect  critical  dimensions  by  oversize  forgings  led  to  terrific  waste  of  the  expensive  raw 
materials.  Secondly,  the  effects  of  die  chill  with  this  high  strength  system  often  led  to  gross  edge  crack- 
ing during  the  forging  operation, 

P6JWA , at  the  Government  Products  Division,  solved  these  problems  with  the  invention  and  development 
of  the  GATORIZING^  forging  process.  As  will  be  shown  below,  this  technique  offers  the  most  economical 
method  for  forming  high  strength  nickel  and  titanium  based  alloys. 

II.  THE  GATORIZING  PROCESS  - WHAT  IS  IT? 

The  details  of  the  GATORIZING  process  are  presented  in  U.S.  Patent  No.  3-519-503.  However,  the 
pne  $8  is  basically  a hot  die  forming  technique.  Most  of  the  work  to  date  has  been  performed  as  a hot 
il»  *’trmal  operation  where  both  forging  dies  and  work  piece  are  heated  to  the  established  forging  tempera- 
ture and  maintained  at  that  temperature  throughout  the  forming  operation. 

The  basic  elements  required  for  the  process  are  shown  schematically  in  Figure  1.  The  dies,  themselves, 
are  normally  fabricated  from  TZM  grade  Molybdenum.  Molybdenum  is  used  because  of  its  relatively  high 
strength  at  elevated  temperatures  and  its  excellent  thermal  conductivity  which  ensures  isothermal  conditions. 
However,  since  Molybdenum  oxidizes  rapidly  at  elevated  temperatures,  some  form  of  protective  environment 
must  be  maintained.  Alternatively,  It  is  possible  to  utilize  high  strength  cast  nickel  base  dies  where 
the  flow  stress  of  the  workpiece  is  low  and  long  soak  cycles  are  applied  to  equilibrate  temperatures  prior 
to  forming,  thus  facilitating  a large  reduction  in  die  costs. 

The  workpiece  is  normally  processed  to  produce  a temporary  condition  of  low  strength  and  high  duc- 
tility (euperplasticity)  at  the  forging  temperature  prior  to  charging  to  the  press.  For  superalloys,  this 
condition  Implies  an  extremely  fine  grain  size  (often  ASTM  10  or  smaller)  which  is  developed  during  a 
preliminary  compressive  working  operation  such  as  extrusion,  Alpha/Beta  titanium  alloys  such  as  Ti  6-4 
and  Tl  6-2-4-6  are  inherently  superduc*- 1 le  at  the  forming  temperatures.  Consequently,  these  alloys  are 
normally  GATORIZED  directly  after  the  conversion  operation.  Figures  2,  3 and  4 Illustrate  how  1N100, 
Astroloy,  and  titanium  8-1-1  respond  to  tensile  loading  in  this  condition  of  high  ductility  and  low 
strength  as  a function  of  temperature.  The  forging  temperature  is  usually  chosen  to  correspond  with  that 
temperature  which  exhibits  the  best  combination  of  high  ductility  and  low  flow  stress. 


Physically,  the  GATORIZING  process  relies  on  the  establishment  of  a dynamic  balance  between  the 
mechanical  damage  induced  in  the  workpiece  by  the  forging  operation  and  the  thermally  activated  process  of 
recovery,  recrystallization  and  grain  growth.  When  properly  established,  this  balance  leads  to  the  main- 
tenance of  a uniformly  fine,  essentially  strain  free  matrix  which  stays  highly  superplastic  throughout  the 
forging  operation. 

HI.  CHARACTERISTICS  OF  THE  GATORIZING  OPERATION 

Since  the  workpiece  remains  essentially  strain  free  and  fine  grained  throughout  the  forging  operation, 
very  high  reductions  can  be  taken  in  each  forging  pass  and  most  components  are  normally  formed  in  a single 
step  operation.  In  fact,  the  limitation  of  the  reduction  is  generally  established  by  either  the  thinning 
and  consequent  breakdown  of  the  forging  lubricant  or  the  limitations  of  the  press,  as  the  forging  expands 
and  the  area  reaches  the  point  where  the  flow  stress  requires  a prohibitat ive  press  load.  At  GPD  this 
second  limitation  is  normally  reached  when  a ten  (10)  inch  high,  six  (6)  inch  dia.  forging  mult  is  reduced 
much  below  approximately  one  inch  in  height  in  a single  pass,  a single  reduction  of  greater  than  90%. 

The  need  to  establish  the  previously  mentioned  dynamic  balance  between  thermal  and  mechanical  effects 
implies  a relatively  low  strain  rate.  This  requirement  is  fortuitous  in  that  relatively  low  loads  are  re- 
quired and,  consequently,  small  forging  equipment  may  be  utilized.  Most  of  the  production  GATORIZING  work 
has  been  accomplished  on  forging  presses  of  5000  tons  capacity  or  less.  This  work  includes  the  forging  of 
all  of  the  F100  turbine  disks.  The  GATORIZING  process  does  not  require  the  acquisition  of  specially  de- 
signed forging  equipment,  although  some  modification  of  conventional  equipment  is  normally  necessary  to 
allow  for  heating  and  protecting  the  dies. 

The  workpiece,  after  forging,  is  extremely  fine  grained  in  nature,  often  finer  grained  than  the  input 
stock.  An  added  advantage  of  the  process  is  the  uniformity  of  strain  applied  throughout  the  forging.  This 
uniformity  in  grain  size  and  strain  yield  a remarkably  uniform  response  to  subsequent  heat  treatment. 

However,  the  greatest  attribute  of  the  GATORIZING  process  is  its  shape  making  capability.  Because 
of  the  low  flow  stresses  required  to  activate  the  process  and  the  freedom  from  die  chill,  extremely  complex 
die  configurations  can  be  filled  with  relative  ease.  More  will  be  said  about  this  fact  later,  but  the 
ability  to  forge  to  net  or  near  net  shape  leads  to  large  savings  in  input  weight,  metal  removal  time,  and 
scrap.  Unfortunately  complex  dies  of  TZM  Molybdenum  are  not  inexpensive.  Consequently,  the  savings 
associated  with  the  GATORIZING  process  become  most  pronounced  when  expensive  and  difficult  to  machine  raw 
materials  are  to  be  fabricated  to  intricate  configurations. 

IV.  CURRENT  APPLICATIONS  OF  THE  PROCESS 

The  only  present  production  application  of  the  GATORIZING  process  is  in  the  fabrication  of  rotating 
components  for  the  F100  engine.  These  nine  as  listed  in  Figure  5 are  produced  from  IN100  powder  metallurgy 
billet  stock. 

Shown  in  Figure  6 is  the  as-forged  configuration  of  the  9-11-13  composite  disk  forging  along  with  the 
forging  multiple  utilized  in  fabricating  this  shape.  Early  in  the  F100  program,  before  IN10Q  powder  billet 
became  available,  this  component  was  produced  from  Astroloy  by  conventional  forging  as  shown  in  Figure  7 
and  weighed  250  lbs.  This  generous  configuration  was  necessary  to  protect  the  actual  part  geometry  from 
edge  cracking  and  tearing  normally  associated  with  conventional  forging  techniques.  Also,  shown  in  Figure 
7 is  the  schematic  section  of  the  as-GATORIZED  component  which  was  shown  in  Figure  6.  Note  that  the 
GATORIZED  component  in  the  as- forged  configuration  weighs  124  lbs  less  than  the  conventional  forged 
component . 

Figure  8 shows  the  cross  sections  of  the  as-forged  IN100  forgings  used  in  the  F100  engine.  These 
parts  are  all  being  forged  to  near  net  sonic  shape.  All  of  these  shapes  are  the  product  of  a one-step 
GATORIZING  operation  from  a cylindrical  forging  multiple.  Due  to  changes  in  the  design  of  the  parts, 
several  of  these  configurations  are  now  obsolete.  FRDC  has  produced  over  1500  full  scale  forgings  in  over 
25  configurations  for  use  in  the  F100  engine  since  the  program  was  initiated. 

V.  FUTURE  APPLICATIONS 

In  order  to  realize  the  full  potential  of  the  GATORIZING  process  for  reducing  costs,  it  is  necessary 
to  forge  to  net,  or  near  net,  shape.  For  aircraft  applications,  however,  this  has  not  been  possible 
because  of  the  requirement  of  a square  cut  outline  with  a minimum  envelope  of  material  to  facilitate  ultra- 
sonic inspection.  However,  recent  improvements  in  ultrasonic  techniques  made  inspection  of  close  tolerance 
forgings  feasible.  As  a result,  through  the  use  of  multiple  forging  operations,  near  net  shape  forgings 
of  IN100  for  the  nine  (9)  F100  engine  parts  could  be  produced  with  a total  billet  input  weight  of  500  lbs 
Instead  of  the  current  990  pounds.  Consequently,  a major  development  effort  is  being  expended  to  achieve 
this  reduction  in  component  costs  for  the  F100  engine  progr 

The  full  extension  of  the  near  net  shape  forging  approach  is  illustrated  in  Figures  9 and  10.  Figure 
u exhibits  the  same  component  Illustrated  previously  in  Figure  7.  Also  shown,  is  the  proposed  near  net 
shape  GATORIZED  forging  outline.  Note  that  this  outline  Includes  some  negative  draft  angles  in  the  integral 
«rm  sections.  Utilizing  a two-step  GATORIZING  sequence,  this  configuration  has  been  produced  in  subscale 
form  as  is  Illustrated  in  Figure  10.  One  of  the  major  advantages  of  the  GATORIZING  process  is  the  ability 
to  directly  upgrade  subscale  configurations  to  full  scale  size.  Work  is  currently  being  conducted  to  qualify 
this  configuration  for  engine  use.  When  qualified,  this  configuration  will  save  approximately  200  lbs  per 
stage,  or  about  600  lbs  per  engine  in  input  weight  over  an  equivalent  conventionally  forged  ABtroloy 
component . 

This  approach  is  also  applicable  to  titanium  components  as  is  illustrated  in  Figures  11  and  12. 

Figure  11  shows  the  two-step  GATORIZING  process  utilized  in  producing  this  configuration.  The  top  and 
bottom  view  of  this  component  are  shown  in  Figure  12.  This  component  is  fabricated  from  Tl-6Ai-2Sn-4Zr-6Mo, 
a deep  hardenable  titanium  alloy  because  it  was  initially  designed  as  a conventional  forging  with  the  out- 
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line  shown  on  the  left  side  of  Figure  13.  The  gross  cross  section  of  this  conventional  forging  made  it 
impossible  to  harden  less  sophisticated  alloys  such  as  Ti  6-4  to  meet  the  requirements  of  the  F100  engine. 
The  cross  sectional  outline  of  the  equivalent  GATORIZF.D  component  is  shown  on  the  right  side  of  Figure  13 
and  represents  a net  reduction  in  input  weight  under  the  conventional  forging  of  more  than  80  lbs.  Note, 
also,  that  the  cross  sections  of  the  GATORIZED  component  are  significantly  thinner  than  those  of  the 
conventional  component,  thus  allowing  the  potential  use  of  Ti  6-4  instead  of  Ti  6-2-4-6  with  the  potential 
achievement  of  equivalent  mechanical  properties. 

In  addition  to  the  on-going  effort  on  the  forming  of  components  for  the  F100  engine,  development  work 
is  currently  being  conducted  to  demonstrate  the  applicability  of  the  GATORIZING  process  for  the  production 
of  rotor  components  for  small  turbine  engines  primarily  for  automotive  and  industrial  use.  The  primary 
emphasis  of  this  work  has  been  toward  low  manufacturing  cost.  Consequently,  our  objective  has  been  to 
GATOR1ZE  as  close  as  possible  to  actual  net  component  size  and  shape,  thereby  minimizing  finish  machining. 

Under  a contract  funded  by  the  Environmental  Protection  Agency,  a program  is  being  conducted  to 
demonstrate  low  cost  manufacturing  techniques  for  producing  integrally  bladed  automotive  turbine  rotors 
and  estimating  the  manufacturing  costs  for  production  rates  of  1,000,000  rotors  per  year.  Phase  I of  this 
effort,  which  has  been  successfully  completed,  dealt  with  demonstrating  the  feasibility  of  producing  such 
a rotor. 

Utilizing  a 1 3/4"  dia.  x 3 3/8"  long  cylindrical  forging  multiple  produced  from  conventionally  pro- 
cessed IN100  ingot,  the  preform  configuration  shown  in  Figure  14  was  produced  in  a one-step  GATORIZING 
operation.  In  the  as-forged  condition,  the  preform  exhibited  the  uniform,  fine  grained,  and  recrystallized 
microstructure  also  illustrated  in  Figure  14.  After  relubricating  the  preform,  it  was  recharged  into  the 
forging  press  and  GATORIZED  to  the  configuration  shown  in  Figure  15.  Figure  16  shows  the  same  forging 
after  tip  grinding  and  vapor  blast.  Cross  sectional  schematic  views  of  the  preform  and  final  tooling  are 
shown  in  Figures  17  and  18,  and  the  actual  TZM  grade  Molybdenum  tooling  is  shown  in  Figures  19  and  20.  The 
cavities  for  the  53  blades  are  formed  by  simple  split  inserts  illustrated  in  the  5X  model  shown  in  Figure 
21.  With  this  two  step  approach,  the  preliminary  cost  estimates  indicate  that  this  component  can  be 
fabricated  at  rates  of  one  million  units  per  year  for  approximately  $52  per  unit. 

A similar  program,  conducted  under  Air  Force  funding,  has  been  completed  with  the  aim  of  producing 
an  18  inch  diameter  rotor.  Tills  component,  shown  in  the  as -forged  condition  in  Figure  22  and  in  finish 
machined  condition  in  Figure  23,  was  actually  engine  tested  and  exhibited  a stage  efficiency  of  over  907,. 
The  sequence  used  to  generate  this  configuration  is  illustrated  in  Figure  24. 

VI.  SUMMARY 

The  GATORIZING  forging  process  is  an  extremely  flexible  technique  for  forming  complex  configurations 
of  high  strength,  sophisticated  alloy  compositions.  It  utilizes  relatively  small  forging  equipment  and 
becomes  progressively  more  economical  as  raw  material  and  machining  costs  increase,  and  when  extremely 
complex  configurations  are  to  be  formed.  The  product  of  the  GATORIZING  operation  is  a fine  grained, 
uniformly  worked  structure  which  exhibits  excellent  and  reproducible  response  to  heat  treatment.  The  pro- 
cess has  been  fully  production  demonstrated  and  has  proven  its  ability  to  form  some  of  the  most  advanced 
aerospace  materials  to  directly  usable  configurations. 
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METAL  POWDER  PRODUCTION  BY  VACUUM  ATOMIZATION 
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President 
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P.  0.  Box  752 
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The  problems  inherent  in  metal  atomization  have  spurred 
the  development  of  vacuum  atomization,  a process  showing 
much  promise.  In  this  process,  the  potential  energy  for 
atomization  can  be  stored  within  the  molten  metal,  which 
increases  the  efficiency.  Also,  the  higher  tap  densities 
of  vacuum-atomized  powders,  as  compared  with  argon-atom- 
ized powders,  is  a distinct  advantage.  Alloy  powders 
based  on  Ni,  Co,  Fe,  Cu,  A1 , and  misch  metal  have  all  been 
made  successfully  by  this  process.  Powder  metallurgy 
will  play  a significant  role  in  this  era  of  conservation 
and  cost  reduction,  and  vacuum  atomization  has  shown  that 
the  unconventional  approach  may  offer  the  most  practical 
solutions  to  some  of  our  current  problems. 


INTRODUCTION 

Powder  metallurgy  became  a feasible  way  to  eliminate  the  segregation  problems  in  conventionally  cast,  com- 
plex alloys  over  a decade  ago.  The  highly  reactive  elements  in  superalloys  ruled  out  the  possibility  of 
making  powders  of  these  alloys  by  conventional  atomizing  techniques.  Substituting  inert  gas  for  the  water 
or  steam  in  conventional  atomizers  and  developing  a "dry"  system  was  the  natural  step  toward  getting  a 
higher  quality  product. 

Henry  and  Sievert  developed  the  very  useful  gas  laws  which  state  that  the  higher  the  pressure  of  a 
gas  over  a solution,  the  higher  is  the  concentration  of  that  gas  in  the  solution.  In  the  case  of  a 
diatomic  gas  such  as  hydrogen,  the  law  is  developed  from  the  equilibrium  equation 

H2  ~2H+ 

„ (aH+)2  „ (aH+)2 
P P 

aH+=K(P„,  )'>l  a H+  = K ( P 


Hence,  in  the  case  of  hydrogen,  the  amount  of  gas  in  solution  is  directly  proportional  to  the  square 

root  of  the  pressure  of  the  gas  over  the  solution. 

METAE  ATOMIZATION 

Considering  the  energy  required  to  disper-e  a high-mass  material  with  a ’ow-mass  gas  whose  velocity 
was  limited  by  the  speed  of  sound,  metal  atomization  appeared  to  have  inherent  restrictions.  The  expense 

of  large  quantities  of  gas,  purification  trains,  and  pumping  and  storage  equipment  seemed  to  dictate 

development  of  an  alternative  method.  It  was  realized  that  there  could  be  a way  to  atomize  metal  using 
energy  stored  in  the  system  while  maintaining  a very  pure  atmosphere.  The  molten  metal  could  be  atomized 
by  using  the  heat  energy  supplied  by  rhe  bath.  As  hydrogen  goes  into  solution  as  H+,  the  H-H  bond  is 
broken,  taking  just  over  100  cal/mole.  Pressurizing  a 1 00- kg  heat  of  material,  in  the  order  of  5 moles  of 
H2  could  be  held  In  solution  at  pressures  of  about  7 atm.  If  it  is  assumed  that  all  of  the  heat  released 
during  the  degassing  was  used  to  heat  the  H?,  its  temperature  would  rise  from  the  melting  temperature  of 
about  2000'K  to  over  10  000'K  instantaneously.  The  amount  of  energy  available  for  atomization  due  to  the 
recombination  of  the  H-H  to  H2  is  almost  200  times  that  needed  to  obtain  an  average  particle  size  of  25^ 
diam.  Part  of  the  energy  is  used  to  superheat  the  hydrogen-metal  interface  thus  lowering  the  surface 
tension  making  metal  separation  easier;  much  of  the  excess  energy  is  radiated  to  the  receiver  walls.  The 
effluent  gas  would  be  pure  H2  Further  estimates,  using  the  surface  tension  and  available  energy,  indi- 
cated that  the  average  droplet  size  would  be  in  the  proper  size  range  for  a powder-metallurgy  product. 
Building  a receiver  to  contain  the  predicted  explosion  became  of  concern.  The  force  would  not  be  great; 
however,  receiver  dimensions  could  not  be  calculated  and  this  necessitated  a few  experiments. 

First,  a 50-!b.  furnace  was  constructed  which  was  capable  of  maintaining  vacuum  and  150-psi  pressure. 
It  was  built  in  such  a manner  that  the  molten  metal  could  be  blown  into  the  atmosphere.  The  Initial  melt 
was  cast  iron,  and  N2  was  used  as  the  soluble  gas  at  a pressure  of  100  psi.  The  resulting  metal-gas 
explosion  could  not  be  controlled;  molten  metal  literally  filled  the  room  and  qas  vented  at  sonic  velocity. 

It  was  then  estimated  that  a tank  approximately  30  ft.  high  would  contain  most  of  the  spray.  Further 
experiments  in  the  completed  pilot-plant  unit  depicted  in  Fig.  1 proved  that  a superior  product  could  be 
made.  During  the  initial  work,  a resistance-heated  alumina  tube  was  used  to  transfer  the  molten  metal  from 
the  melt  chamber  to  the  vacuum  receiver.  Unheated  graphite  pipe  was  also  used,  but  some  carbon  pickup  was 
experienced  when  using  graphite.  Various  tube  sizes  were  tried,  ranging  in  diameter  from  1/2  to  1/4  in. 

The  smaller  tube  sizes  had  a tendency  to  freeze.  Nozzles  were  also  tried  with  some  success. 
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The  production  unit  incorporated  the  same  principles  as  used  in  the  pilot  plant  plus  many  additional 
features  to  allow  fast  turnaround.  The  production  unit  is  depicted  in  Fig.  2.  Because  it  is  desireable 
not  to  expose  the  powder  to  air,  the  unit  was  designed  with  a sloping  floor  so  the  p wder  could  drain 
from  the  tank  under  vacuum.  The  lower  chamber  was  designed  so  the  melt  could  be  made  remote  from  the 
unit  and  moved  under  vacuum  to  the  blasting  position.  Hence,  two  lower  units  could  be  in  operation  at 
the  same  time,  almost  doubling  production.  Locks  were  designed  into  the  vjcuum  receiver,  so  the  furnace 
could  be  moved  into  position,  sealed,  teemed,  and  removed,  the  tube  changed,  and  the  powder  removed  while 
maintaining  the  receiver  under  vacuum.  The  unit  has  been  operated  in  excess  of  ?-month  periods  without 
exposing  the  receiver  to  atmospheric  pressure.  The  receiver  need  only  be  brought,  to  the  atmosphere  when 
a change  of  alloy  requires  cleaning.  The  receiver  is  10  ft.  in  diameter  and  50  ft.  high.  An  elevator  is 
assembled  in  the  receiver  for  cleaning. 

In  going  from  the  pilot  plant  to  the  production  unit,  unforeseen  but  predictable  problems  were  en- 
countered; the  production  unit  would  produce  only  very  coarse  powder  and  flake.  The  nucleation  and  growth 
of  the  gas  in  the  molten  metal  occurs  at  the  speed  of  sound.  During  design  of  the  large  unit,  the  transfer 
tube  was  lengthened  to  two  and  one-half  times  that  used  in  the  pilot  plant  The  six  atmosphere-pressure- 
differential  distributed  over  the  longer  tube  resulted  in  degassing  in  the  tube  rather  than  at  the  orifice. 
Onre  the  problem  was  recognized,  a solution  was  rapidly  worked  out.  The  powder  became  finer  as  a 
pressure/  d time  increased.  By  simply  increasing  the  pressure  drop  per  unit  time,  the  unit  became  pro- 
ductive. 


Any  atomizing  process  is  dependent  on  the  surface  tension  of  the  liquid  being  atomized.  The  surface 
tension  increases  with  decreasing  temperature,  and  is  also  affected  by  the  addition  of  elements  which 
lower  the  molecular  attraction.  The  "fluidity"  of  steel  can  be  increased  with  very  small  additions 
(3  to  5 ppm)  of  calcium.  Therefore,  we  have  two  important  factors  causing  variations  in  the  surface  ten- 
sion and  consequently  the  powder  particle  size.  We  also  have  the  pressure-t ime  relationship  and  the 
mass-velocity  relationship  of  the  gas  being  utilized. 


It  was  discovered  several  years  ago  that  argon,  which  is  the  common  gas  used  in  conventional  atomiza- 
tion, became  entrapped  in  the  powder  particles.^  Being  a large  and  inert  molecule,  it  was  impossible  to 
exclude  the  entrapped  argon  by  diffusion.  Upon  reheating  a consolidated  powder  bar  to  near  the  incipient 
melting  point,  the  argon  was  found  to  expand,  causing  porosity  in  what  previously  appeared  to  be  a 
theoretically  dense  bar.  It  was  further  found  that  the  vacuum-atomized  product  was  nor  subject  to 
thermally  induced  porosity. 


One  superalloy  powder  producer  tried  to  atomize  with  nydroqen  by  blasting  the  molten  stream  of  metal 
with  the  gas,  knowing  hydrogen  could  be  readily  diffused.  Unfortunately,  the  velocity  of  a qas  leaving 
a nozzle  is  limited  by  the  speed  of  sound  in  the  gas,  and  although  the  speed  of  sound  in  hydroqen  is  four 
times  that  in  argon,  the  density  of  hydrogen  is  only  about  one-twentieth  that  of  argon,  so  the  energy 
availability  in  hydrogen  is  about  80T  that  of  argon  In  addition,  since  hydrogen  does  not  cool 
adiabatical ly  when  expanded,  the  metal  would  not  be  cooled  as  when  atomizing  in  argon.  This  one  attempt 
was  not  followed  by  a successful  process,  indicating  that  hydroqen  is  not  a satisfactory  gas  for  conven- 
tional atomization 


ADVANTAGES  OF  VACUUM  ATOMIZATION 


In  the  vacuum  atomization  process,  the  mass-velocity  relationship  exists  We  have  blown  steel  with 
both  Co  and  N?  successfully.  Not  enough  experiments  were  run  nor  were  the  solubilities  measured  to 
confirm  whether  the  mass  effect  was  responsible  for  the  variation  in  particle  distribution  Argon  has 
been  percolated  into  the  transfer  tube  to  stimulate  the  conditions  existinq  during  hydroqen  deqasifica- 
tion.  [The  ratio  of  initial  temperature  to  teeming  temperature  in  the  case  of  argon  is  about  equivalent 
to  that  caused  by  the  theoretical  bond  energy  of  hydrogen  on  recombination,  and  the  chanqe  in  partkle 
distribution  is  about  what  could  be  expected  from  the  mass-velocity  relationship  in  comparing  the  two 
gasses. ] 

Vacuum  atomization  is  a rapid  process.  The  melt  itself  contains  the  potential  energy  for  the  atomi- 
zation and  the  more  rapidly  that  energy  is  released,  the  finer  the  powder.  In  the  pilot  plant,  50  lb.  of 
metal  is  blown  in  less  than  10  sec.;  in  the  production  unit,  we  take  as  long  as  2 min  to  blow  400  lb. 

The  unit  was  constructed  in  what  would  be  considered  n "upside  down"  design  It  was  done  to  allow  the 
particles  time  in  suspension  to  radiate  most  of  their  thermal  energy.  It  would  have  been  impractical 
to  construct  a receiver  high  enough  to  allow  the  particles,  particularly  the  larger  ones,  to  cool  in  a 
free  fall  before  collecting.  The  collected  powder  in  the  bottom  of  the  receiver  is  about  BOCF 
immediately  following  the  blow. 

Alloy  powders  based  on  Ni , Co,  Fe,  Cu,  A1  and  misch  metal  have  all  been  made  successfully  by  vacuum 
atomization.  The  most  exotic  alloy  was  a 60“  misch  metal-40%  aluminum  composition.  We  have  avoided 
making  alloys  containing  highly  volatile  elements,  such  as  zinc,  and  also  alloys  containing  Pb,  Bi,  Sb 
and  other  elements  which  could  lead  to  deleterious  contamination  of  superalloys. 

The  tap  density  of  the  vacuum-atomized  powders  is  about  5T-7X  higher  than  that  of  the  argon-atomized 
powders.  The  difference  has  been  attributed  to  the  particle-distribution  difference  rather  than  to  the 
difference  noted  in  the  powders  The  vacuum-atomized  powders  have  very  few  particles  that  are  stuck 
together  and  are  termed  "satellites,"  as  compared  with  the  large  numbers  found  in  argon-atomized  particles. 
The  vacuum-atomized  powder  has  a uniform  distribution  with  a notable  absence  of  a normal  curve  It  is 
the  sort  of  distribution  one  would  expect  from  an  explosion.  Other  known  processes  result  in  classic 
normal  curves.  The  higher  tap  densities  have  very  definite  advantages  in  consolidation,  particularly  when 
consolidating  to  near  net  shapes,  and  when  consolidating  using  the  HMI  "Soft  Can"  technique.  Disadvantages 
in  the  random  distribution  occur  when  a narrow  distribution  of  particle  sizes  is  desired,  such  as  is  re- 
quired for  plasma  spraying. 

I NASA  TN  D-6072  Evaluation  of  a Cobalt  Base  Alloy,  HS-31  made  by  extrusion  of  preal loved  powders:  John 

C.  Freche,  Richard  L.  Ashbrook  & William  J.  Waters;  Lewis  Research  Center,  Cleveland,  OH  44135 
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From  the  time  the  melt  stock  is  placed  in  the  furnace  until  the  powder  is  a consolidated  product, 
the  alloy  is  never  exposed  to  air.  The  powder  is  handled  in  vacuum,  hydrogen,  nitrogen,  or  argon.  Con- 
siderable controversy  concerning  the  deleterious  effect  of  air  exposure  is  still  going  on  but  we  know  of 
no  data  that  confirm  that  inert  handling  is  absolutely  necessary  to  achieve  a satisfactory  product. 
However,  we  have  considerable  data  to  show  that  inert  processing  does  yield  an  excellent  product.  Many 
of  the  same  parameters  that  are  subject  to  control  in  argon  atomization  must  also  be  controlled  in 
vacuum  atomization.  Being  able  to  store  the  energy  for  atomization  within  the  molten  metal  has  proved 
to  be  very  efficient  in  the  atomization  process.  Now,  after  several  years  of  intensive  development  work, 
the  production  unit  is  operating  properly  and  producing  a product  with  excellent  properties. 

CONCLUSION 


We  are  entering  a new  era  in  metal lurgical  processing,  one  of  shortages  and  conservation.  In  the 
aerospace  market  we  are  seeing  an  ever  increasing  variety  of  very  expensive  materials  and  relatively  low 
volumes,  and  continuing  high  interest  in  cost  reduction  without  a deterioration  in  technology.  Powder 
metallurgy  will  play  an  important  role  in  this  era  of  conservation  and  cost  reduction,  and  vacuum  atomiza- 
tion has  shown  that  the  unconventional  approach  may  well  offer  the  most  practical  solution  to  some  of  our 
current  problems. 
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TX  - 67  Advanced  Fabrication  Techniques 
and  Their  Economic  Implications. 

DISCUSSION  SUMMARY  OF  SESSION  II 

by  W.  Wallace, 

National  Aeronautical  Establishment, 
National  Research  Council  of  Canada. 


The  session  consisted  of  three  papers  and  four  short  contributions,  two  of 
which  were  Included  as  additional  Items  to  the  program  and  presented  during  an  extended 
discussion  at  the  end  of  the  day.  Session  II  emphasized  the  consolidation  and  thermo- 
mechanical  processing  of  superalloy  powders  to  produce  "wrought  type"  products  such  as 
discs:  one  contribution  discussed  powder  production,  one  considered  the  economics  of  HIP 
processing  as  It  Is  Influenced  by  work  load  characteristics  and  the  use  of  preheat,  and 
a further  contribution  described  explosive  consolidation  of  powders.  To  close  the  session 
a film  was  sh  wn  describing  the  ASEA  Process  for  powder  processing. 

It  was  apparent  In  most  papers  that  economic  factors  are  Important  In  Justifying 
the  Interest  In,  and  use  of  powders.  Lower  costs  were  often  associated  with  lower  material 
Input  to  produce  a given  part  (papers  P3  and  P5,  and  contribution  PAA).  For  example  at 
Pratt  and  Whitney  (P4A) , P/M  Astroloy  disc  forgings  were  produced  using  120  lb  less 
material  than  would  be  needed  to  produce  the  same  part  from  Ingot  material.  Advantages 
were  also  associated  with  the  el lmlnation  .of  forging  operations  (P5,  P^A),  with  reduced 
machining  after  forging  (P5,  PAA),  and  with  Improved  machlnabl 1 lty  (P3  and  pi* A ) . In 
certain  cases,  such  as  In  the  Pratt  and  Whitney  forging  of  Astroloy  discs,  these  benefits 
were  considered  sufficient  to  Justify  the  use  of  powder  without  necessarily  expecting  a 
gain  In  mechanical  performance.  In  this  case  therefore,  target  properties  for  the  P/M 
products  were  those  used  for  the  equivalent  cast  plus  wrought  products. 

Studies  reported  by  Messerschmitt-Bolkow-Blohm  have  Indicated  that  for  their 
titanium  products,  cost  savings  through  HIP  could  only  be  realized  If  the  part  otherwise 
Involved  high  machining  costs,  that  is,  costs  exceeding  about  601  of  the  total.  HIP  was 
considered  viable  only  If  It  allowed  substantial  reduction  In  these  machining  costs.  In 
practice  the  cost  savings  are  not  directly  proportional  to  the  reduction  In  machining, 
since  finish  machining  represents  the  most  expensive  operation.  HIP  was  also  considered 
i to  be  limited  because  of  size  restrictions.  Consequently  only  about  15-20  parts  had  been 

I Identified  as  candidates  for  HIP. 

The  consensus  was  that  the  greatest  savings  through  powder  would  be  achieved  by 
net-shape  HIP  processing  of  parts,  without  subsequent  forging,  and  Indications  of  progress 
towards  this  objective  were  given.  Data  presented  by  Henry  Wlggln  and  Co.  ( P 3 ) showed 
that  while  Improvements  could  be  achieved  by  forging,  mechanical  properties  of  as-pressed 
parts  were  often  equivalent  to,  and  sometimes  better  than  those  of  wrought  Ingot  material 
of  the  same  composition.  The  contribution  from  AVCO  Lycoming  (PAB)  showed  that  complex, 
close  tolerance  parts  could  be  produced  by  a vacuum  sinter  plus  HIP  route.  The  success 
of  this  latter  work  was  largely  dependant  on  the  development  of  ceramic  mold  technology, 
with  Its  ability  to  provide  excellent  shape  definition  in  the  products. 

While  economic  considerations  were  of  prime  concern,  most  authors  were  able  to 
iemonstrate  technical  advantages  through  powder  processing.  Much  of  the  work  was 
c'incerned  with  powder  processing  of  high  strength  "casting  type"  alloys  such  as  IN-100 
at  Pratt  and  Whitney  (P5),  or  modified  IN-792  at  AVCO  Lycoming  (PAB);  or  borderline 
forging  alloys  such  as  Astroloy  and  Its  modification  APKI  at  PWA-East  Hartford  (PAA)  and 
Henry  Wlggln  and  Co.  (P3)  respectively.  The  superior  homogeneity  of  powder  products  was 
considered  Important  in  Improving  forgeability  dur’ng  conventional  forging  (PAA)  and 
during  superplastic  forging  (P5).  Similarly  homogeneity  was  considered  Important  in 
I achieving  uniformly  high  mechanical  properties  In  P/M  products.  These  were  said  to  compare 

favourably  with  the  better  properties  In  wrought  Ingot  material  where  properties  show 
much  greater  directionality  (P3). 

While  developments  were  reported  In  net-shape  HIP  technology,  the  Indications  are 
that  forging  will  remain  an  Important  part  of  superalloy  and  titanium  powder  metallurgy 
processing  for  some  time  to  come.  Papers  P3,  P5  and  PAA  discussed  many  aspects  of  forging, 
but  emphasis  wa3  on  superplastic  forging.  The  T/P  Process  of  Henry  Wlggln  and  Co.  emerged 
a3  an  alternative  to  the  Oatorlzlng  Process  of  Pratt  and  Whitney.  "Thermoplastic  Proc- 
essing" Involve::  cold  working  prior  to  compaction,  so  that  the  powder  recry stall Izes 
during  compaction  to  develop  the  fine  grain  3lze  necessary  for  superplastic  forming.  The 
cold  rolling  does  not  appear  to  Interfere  with  tap  density  or  subsequent  compaction, 
although  some  stratification  of  powder  was  noted.  The  T/P  Process  avoids  the  extrusion 
treatment  Inherent  in  gatorlzlng,  and  therefore  may  offer  greater  flexibility  In  preform 
configuration.  Preliminary  work  reported  by  Pratt  and  Whitney  on  as-hlpped  compacts 
Indicates  that  this  material  responds  well  to  Isothermal  forging.  As-hlpped  billet  offers 
co3t  savings  over  extruded  billet  and  therefore  this  may  become  the  preferred  material  at 
PWA . 

The  economic  benefits  of  Isothermal  forging  relate  to  lower  material  usage  and 
to  reduced  machining  as  a result  of  dimensional  accuracy.  Some  of  the  potential  savings 
are  offset  against  the  high  costs  of  precision  dies,  however  overall,  a net  saving  is 
achieved.  In  the  ca3e  of  the  nine  IN-100  production  part3  for  the  U.S.  Air  Force  F 100 
engine  (P5),  a net  saving  of  $16000  wd3  reported  by  Pratt  and  Whitney.  Die  life  was 
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reported  to  be  good  and  usually  sufficient  to  produce  the  required  quantity  of  a given 
part.  PWA  report  quantities  of  300-A00  parts  without  replacing  dies,  however  the  upper 
limits  have  not  been  determined. 

According  to  Pratt  and  Whitney  another  attractive  feature  of  superplastic 
forging  Is  the  ability  to  re-strlke  a part  that  shows  defects  such  as  Incomplete  die 
filling.  In  conventional  forging  these  small  finishing  strains  would  lead  to  abnormal, 
and  unacceptable,  grain  growth.  In  order  to  retain  this  re-strlke  capability,  forging 
design  has  to  be  carefully  considered.  Pratt  and  Whitney  also  report  that  grain  size  In 
gatorlzed  wheels  can  be  controlled  to  some  degree,  to  achieve  high  temperature  properties 
In  blade  sections  and  lower  temperature  properties  in  the  disc. 

Discussion  revealed  much  Interest  In  non-destructive  inspection  of  P/M  products. 
According  to  Pratt  and  Whitney  (P^A) sonic  inspection  was  not  a problem  with  their  Astroloy 
disc  forgings,  and  no  changes  In  sonic  standards  or  requirements  are  being  considered. 
Similarly  the  gatorlzed  parts  of  PWA-Florlda  (P5) could  be  Inspected,  with  resolution  to 
within  0.05"  of  the  surface  without  attenuation.  Their  aim  Is  Inspect  on  as-forged 
material  without  using  a surface  cut. 

In  the  case  of  the  net-shape,  sinter  plus  HIP  parts  of  AVCO  ( P4B)  the  ability 
of  the  ceramic  molds  to  produce  Intricate  shapes  was  limited  by  ultrasonic  Inspection 
capability.  AVCO  explained  that  simpler  shapes  must  sometimes  be  produced  to  allow 
Inspection.  AVCO  reported  that  thermally  Induced  micro-porosity  (residual  gas)  cannot  be 
detected  non-destructlvely  and  therefore  metallography  on  heat  treated  samples  Is  the  most 
satisfactory  test. 

Extensive  discussion  centered  on  the  three  priority  items  Identified  by 
Dr.  Peterson  In  the  Keynote  Address,  these  were:  a)  the  quality  and  cost  of  powders, 
b)  Improved  methods  of  Inspection,  and  c)  alternative  methods  of  compaction. 

Concern  was  expressed  over  the  trend  to  lower  material  consumption.  An  estimate 
of  2}  million  pounds  of  powder  for  the  1980-81  market  was  considered  insufficient  to 
sustain  two  producers.  Alternative  markets  for  aerospace  powders  must  therefore  be 
developed  to  maintain  business  viability.  Powder  producers  emphasized  the  relationship 
between  cost  and  market  volume,  and  confirmed  that  low  cost  powders  will  be  available  to 
bulk  buyers.  Superalloy  powders  can  be  produced  by  the  Vacuum  Atomization  Process  for 
less  than  $9/lb  for  volumes  of  about  50,000  lb/year,  or  less  than  $8/lb  if  scrap  can  be 
Included  In  the  Input  charge.  Similarly  a projection  of  less  than  $10/lb  was  given  for 
either  superalloy  or  titanium  powder  by  the  Rotating  Electrode  Process  In  quantities  of 
200,000-250,000  lb/year. 

Recycling  scrap  was  considered  a viable  route  to  lower  powder  costs.  Problems 
were  related  to  the  cross  contamination  of  alloys  and  to  the  presence  of  high  oxygen 
contents  In  titanium  turnings.  AVCO  reported  the  use  of  large  volumes  of  scrap  (up  to 
50*  of  the  charge)  by  certain  powder  producers  with  no  deterimental  effects,  however. 
Internally  generated  scrap  was  recommended  from  the  point  of  view  of  cleanliness.  In 
general,  scrap  could  be  used  for  superalloy  powders  without  major  problems,  since  alloy 
chemistries  are  generlcally  similar  and  adjustments  can  be  made  In  the  bath  before 
atoml zat ion . 

In  the  case  of  titanium,  cross  contamination  of  alloys,  foreign  object  contami- 
nation and  oxygen  contamination  were  considered  more  serious  problems.  However,  work 
by  Alvac  Teledyne  Titanium,  under  U.S.  Air  Force  sponsorship,  was  reported  to  have  shown 
that  titanium  scrap  can  be  recycled.  In  the  Alvac  process  which  uses  a cold  hearth  skull 
melting  furnace,  heavy  metal  contamination  from  tool  bits,  and  possibly  titanium  nitride 
particles,  are  trapped  In  the  skull.  Single  melted  or  consumably  melted  bar  from  this 
process  was  considered  suitable  Input  material  for  the  Rotating  Electrode  Process.  At 
Pratt  and  Whitney  Florida,  6-2-A-6  Ti  alloy  from  this  process,  produced  from  100 % scrap, 
was  confirmed  to  have  oxygen  within  specification  (0.15*  Max),  and  this  had  been  used  to 
produce  third  stage  discs.  These  discs  are  currently  being  machined  and  If  qualified 
thl3  will  qualify  the  Teledyne  process  for  reclaiming  Tl  scrap  for  rotating  part  quality. 
The  scrap  u3ed  lri  this  case  was  probably  premium  material,  retired  parts  rather  than 
turnings. 


According  to  other  users,  experience  with  P/M  titanium  material  has  shown  It 
to  be  more  tolerant  to  oxygen  than  Ingot  material,  and  therefore  the  arbitrary  limits, 
typically  2000  ppm  In  current  specifications,  may  eventually  be  raised.  A great  deal 
more  Information  on  fracture  toughness  and  crack  growth  rates  are  needed  to  establish  this. 

In  conclusion,  It  wa3  suggested  that  many  of  the  alternative  powder  production 
processes  were  very  similar,  and  probably  all  capable  of  meeting  volume  requirements.  Some 
processes  may  offer  advantages  In  providing  refining  atmospheres,  rather  than  simply  main- 
taining the  Inherent  purity  of  the  charge.  Others  were  felt  to  offer  advantages  in  their 
ability  to  produce  extra  fine  powder.  Thl3  was  considered  Important  In  providing  ultra- 
high  solidification  rates  (greater  than  105oF/sec)  required  to  hold  hardening  elements  in 
solution.  Future  trends  In  powders  may  see  precipitation  hardening  by  phases  other  than 
gamma-prime,  phases  such  as  carbides  or  other  intermetal 1 lc  compounds.  The  controlled 
precipitation  of  these  phases  will  require  very  fine,  fully  austenitic  starting  powders. 
Elsewhere,  Interest  wa3  expressed  In  the  development  of  cold  compactable  powders,  that 
would  allow  volume  production  of  precision  parts  or  performs  by  a press  plus  sinter  route. 
Th 1 3 might  circumvent  the  problems  of  low  volume,  cost, and  limited  dimensional  accuracy 
In  HIP  parts. 
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RENE ' 95  POWDER  METALLURGY  OPPORTUNITIES  FOR  GAS  TURBINE  APPLICATIONS 


by 


David  U.  Arnold 
General  Electric  Company 
Cincinnati,  Ohio  45215 


INTRODUCTION 


Rene'  95  is  a wrought  nickel-base  alloy  developed  by  General  Electric  under  United  States  Air  Force 
sponsorship.  It  is  considered  the  strongest  of  the  commercially  available  alloys  for  turbine  and 
compressor  disks,  shafts,  rotating  seals,  and  related  parts,  operating  at  temperatures  up  to  1200F 
(Figure  1).  To  date,  over  700,000  pounds  of  double  vacuum  melted  Rene'  95  have  been  produced  and  used 
by  General  Electric  for  applications  in  various  development  and  demonstrator  engines.  The  alloy  has 
been  made  commercially  available  to  any  source  within  the  free  world. 


Fig.  I Tensile  strength  Rene  95  vs  other  disk  alloys 


As  would  be  expected,  the  very  high  strength  of  Rene*  95  poses  challenges  to  convent ional  methods  of 
producing  gas  turbine  hardware  parts.  Optimum  properties  in  forged  Rene'  95  parts  are  associated  with  a 
duplex,  necklaced  structure,  consisting  of  large,  warm-worked  grains  surrounded  by  a necklace  of  fine, 
recrystallized  grains  (Figure  2).  Achieving  this  structure  in  intricate  gas  turbine  hardware  requires 
stringent  control  of  melting  and  forging  practices.  As  with  other  wrought  alloys,  the  total  hardware 
cost  is  further  escalated  by  less  efficient  material  utilization  and  excessive  machining  labor  which 
characterize  the  processing  and  manuf act ur i ng  sequences  required  to  produce  engine  parts  from  cast  ingots 
Figure  3,  for  exiunple,  illustrates  a typical  example  of  the  multiple  forging  steps,  machining  operations 
and  the  rectilinear  sonic  envelopes  required  for  the  making  of  a compressor  disk.  Note  that  t he  finish- 
part  weight  amounts  to  only  about  5%  of  the  input  weight. 
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Fig  2 Necklace  structure  in  Rene  95 


Fig.3  Typical  processing  sequence  lor  cast 
and  wrought  Rene  95  disk  input/output 
weight  ratio  = 19:1 
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In  order  to  take  full  advantage  of  high-strength  alloys,  fundamental  changes  capable  of  substan- 
tially lower  cost  of  hardware  production  are  desirable.  To  that  end , General  Electric  initiated  an 
intensivi  effort  in  jxtwder  metallurgy  of  Rene'  95  several  years  ago  when  the  powder  metallurgy  approach 
emerged  as  a viable  technology  through  the  combined  deve lopment  of  powder  production  and  hot  isostatic 
pressing  (HIP).  It  is  the  purpose  of  this  paper  to  briefly  review  the  status  of  this  effort  and  to 
indicate  major  directions  in  which  |>owder  metallurgy  Rene*  95  is  likely  to  make  the  most  significant 
cont  ribut ion. 

powder  mktalu  h.v  processing 


The  Rene'  9r>  composition  (Table  1)  is  uniquely  suited  to  powder  met .« 1 I urgy  processing.  The  balance 
between  carbon  content.  C carbide  formers  (W  and  Mo),  and  Mt  carbide  formers  (Cb  and  Ti)  suppresses 
unwanted  carbide  precipitation  at  prior  powder  particle  boundaries.  Suppression  of  this  phenomenon  is 
considered  a prerequisite  for  an  acceptable  powder  metallurgy  alloy. 


TABLE  1 

Chemical  Composition  of  PM  Rene  45 


Element 

Percent 

Element 

Percent 

Carbon 

0.04-0.09 

Columbium 

3.30-3.70 

Manganese 

0.15  Max. 

Zirconium 

0.03-0.07 

Silicon 

0.20  Max. 

Titanium 

2.30-2.70 

Sulfur 

0.015  Max. 

Aluminum 

3.30-3.70 

Phosphorus 

0.015  Max. 

Boron 

0.006-0.015 

Chromium 

12.00-14.00 

Tungsten 

3.30-3.70 

Cobalt 

7.00-9.00 

Oxygen 

0.010  Max. 

Molybdenum 

3.30-3.70 

Nitrogen 

0.005  Max. 

Iron 

0.50  Max. 

Hydrogen 

0.001  Max. 

Tantalum 

0.20  Max. 

Nickel 

Remainder 

Numerous  methods  of  powder  making  have  been  developed  and  used  for  years  in  the  powder  metallurgy 
industry.  I nfort unat e ly , the  nature  of  nickel  base*  superalloys  makes  none  of  the  traditional  techniques 
acceptable.  The*  chemical  complexity  of  superalloys  virtually  precludes  the  use  of  blended  elemental 
powders.  Water  or  nitrogen  atomization  used  for  other  prealloyed  powders  is  not  feasible  because  of 
the  possibility  of  contamination  by  such  interstitial  elements  as  oxygen,  nitrogen,  and  hydrogen.  Mini- 
mization of  interstitial  cont.iminat ion  is  critical  not  only  to  maintain  the  very  high  chemical  purity 
required  in  rotating  part  alloys  for  gas  turbines  but  also  to  achieve  full  density  and  intimate  inter- 
particle bonding  during  HIP  conso  J i da  t i on.  Finally,  due  to  the  high  cost  of  the*  starting  materials  for 
superalloys,  powder  manuf act ur ing  methods  not  capable  of  producing  a high  yield  of  usable  powder  are 
unac  c ep table. 

In  recent  years,  significant  advances  luive  been  made  in  developing  technically  acceptable  superalloy 
powder  manufacturing  techniques  and  installing  product  ion -si  zed  facilities  to  produce  superalloy  powders. 
The  argon  atomization  process  can  produce  high  purity  prealloyed  superalloy  powders.  In  this  process, 
elemental  materials  or  prealloyed  vacuum  melted  ingots  are  vacuum  induction  melted  and  a si  rc.tm  of  t he 
molten  alloy  is  pouted  into  a large  chamber  filled  with  argon  gas.  High  pressure  argon  jets  explode 
the  molten  st ream  into  a very  finely  dispersed  spray  of  powder  particles.  The  argon  atomization  process 
is  currently  preferred  for  producing  Rene'  95  powder. 

The  processes  available  to  consolidate  powders  cover  a wide  spectrum,  but  one  of  these,  HIP  (Hot 
Istist.it  i<  Pressing),  appears  to  be  the  im»st  promising.  HIP  consolidation  has  been  used  to  produce 
dense  preforms  for  subsequent  forging  or  rolling  and  offers  the  long  range  potential  of  producing 
near  net,  <omplex  shapes. 

High  temjieroture  inert  gas  autoclaves  which  are  capable  of  consolidating  Rene'  95  powders  to  full 
density  fall  into  one  of  two  categories;  namely,  high  (>  5000  psi ) and  low  pressure  (<  5000  psi ) units. 
High  pressure  autoclaves  can  he  further  subdivided  into  those  using  an  integral  furnace  and  those  which 
. se  a separate  furnace  to  heat  the  container  of  powder  to  the  consolidation  t omperat ure . In  all  cases 
hydrostatic  pressure  is  applied  with  an  inert  gas.  Doth  high  and  low  pressure  autoclaves  are  suitable 
for  production  of  forging  preforms. 

Significant  progress  made  in  recent  years  in  the  processing  technologies  of  powder  production, 
consolidation,  and  shape  making  has  motivated  large  scale  exploitation  in  reducing  costs  of  expensive 
rotating  parts.  Two  process  variations  which  are  prime1  candidates  for  accompl imhing  this  exploitation 
are:  (l)  HIP  followed  by  forging  and  heat  treatment  and  (2)  As-HIP  followed  by  heat  treatment  alone. 

HIP  plus  forge  is  expected  to  find  broader  applications  initially.  With  time,  however,  opportunities 
exist  to  eliminate  forging  completely  for  some  parts.  A key  to  the  success  of  either  approach  is  the 
development  of  technology  to  reproducibly  manufacture  precision  shape  contoured  preforms. 
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PAYOFF 

The  potential  for  coat  reduction  has  to  date  been  the  major  driving  force  in  powder  metallurgy 
Hene ' 9*».  Diaoramm.it  i cal  ly  shown  in  Figure  U are  the  reductions  in  material  input  weight  and  manu- 
facturing operations  when  the  typical  disk  shown  in  Figure  j is  produced  by  HIP  ♦ forge  and  As-HIP 
powder  metallurgy  processes,  in  comparison  with  conventional  processing.  The  relative  costs  in  pro- 
duction quantities  associated  with  the  three  approaches  in  making  rotating  Rene'  9r>  hardware  are 
illustrated  in  Figure  % Although  the  cost  benefits  will  vary  with  the  particular  part  size  and 
geometry*  it  is  clear  that  the  overall  potential  for  cost  reduction  associated  with  the  powder  metal- 
lurgy approaches  are  very  substantial,  especially  with  the  As-HIP  process.  In  addition  to  the  projected 
cost  reductions,  significant  decreases  in  input  raw  material  will  be  realized.  These  potentially 
amount  to  over  3*f>00  lbs/engine. 


fig  5 Cost  reduction  potential  for  a selected  group  of  Rene  95  parts 
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ST  ATI'S 


Initial  work  on  powder  m«*»  .» 11  ui  gy  of  Rene’  99  at  General  Electric  focuaed  on  the  proceasing  of 
Mil*  Rene'  99  preform**  using  conventional  metalworking  techniques.  This  was  soon  followed  by  a United 
States  Air  Force  contract  ( F 1 lb  1 9-b9-C- 1 82r» ) to  determine  the  purity  of  powder  required  for  superalloy 
IN  forgings.  Two  primary  com  lusionn  were  derived  from  this  study  which  had  a major  impact  on  IN 
Rene'  99  processing. 

First,  low  carbon  (0.08%)  Rene'  99  has  a significantly  greater  tolerance  for  oxygen  contamination 
that  the  standard  chemistry  (0.19%  C).  This  (onclusion  resulted  in  a reduction  of  the  carbon  level 
specified  for  the  powder  metallurgy  version  of  Rene'  9r>  to  a « ompo.si  t i on  range  of  0.0**  to  0.09  weight 
pert ent . Second,  large  reductions  were  not  required  to  achieve  acceptable  mechanical  properties  in 
powder  metallurgy  Rene'  99  forgings.  This  finding  was  in  direct  contrast  to  prior  experience  on 
cast  wrought  material,  where  total  reductions  of  80  to  99%  are  required  to  produce  the  desired 
properties.  1 fi#*  economic  implications  of  this  conclusion  were  significant,  since  the  manufacture  of 
close  contour  powder  metallurgy  forgings  requiring  only  one  small  forging  reduction  (30  to  90%)  appeared 
to  be  a viable  production  goal. 

An  additional  United  States  Air  Force  program  (F J3^15-71“C-l428) , conducted  in  1971-73*  first 
demonst rat ed  the  feasibility  of  producing  large  diameter  Rene'  99  components  by  contour  cross  rolling 
of  shaped  powder  metallurgy  HIP  preforms  (Figure  6 ) . The  significant  effect  of  heat  treatment  and 
cooling  rate  on  hot  workability  and  mechanical  properties  was  also  established  by  this  investigation. 

The  excellent  mechanical  properties  (Table  2)  and  microstructures  achieved  provided  increased  impetus 
toward  producing  IN  components  from  HIP  preforms.  An  example  of  this  effort  .at  General  Electric  is 
illustrated  by  the  HPT  disk  shown  in  Figure  7.  The  large  diameter  (20  in.  O.D.)  and  4-in.  bore 
thickness  make  it  difficult  to  forge  this  disk  from  cast  ingot  due  to  increased  propensity  toward 
segregation  and  massive  carbide  formation  in  large  ingots.  By  using  PM-snaped  preforms  (Figure  7)» 
disks  of  the  same  design  were  produced  by  forging  in  conventional  dies,  with  mechanical  properties 
fully  equivalent  or  superior  to  those  of  the  cast  plus  wrought  counterparts  (Figure  8).  Two  of  these 
IN  disks  were  engine  tested. 


Fig.(>  Contour  cross  rolled  I’M  Rent*  95  disk 

TABLE  2 

Mechanical  Properties  of  Powder  Metallurgy  Contour  Cross-Rolled  Plate 


Tensile  Properties 


1200F  150  KSI 

RT 1200F Stress-Rupture 


Material 

Specimen 

Location 

2°.  VS 
(KSI) 

UTS 

(KSI) 

El. 

<%) 

RA 

(%) 

.2%  VS 
(KSI) 

UTS 

(KSI) 

El. 

<°«> 

RA 

(°o) 

Lite 

(Mrs) 

El 

(°o) 

Contour  Cross 
Rolled  PM 

Hub 

197 

250 

13 

IE 

187 

225 

10 

14 

251 

4.5 

Disks 

Rim 

199 

254 

15 

22 

189 

226 

10 

15 

126 

5 5 

Cast  » Wrought 
Forgings 

Specification 

180 

230 

10 

12 

167 

207 

8 

10 

56 

3 0 
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Finish  Forged  Disk: 

(20”  OD  x 4”  thick  at  bore) 


Forging  Preform: 

(15V2”  OD  x 8V2”  thick) 


Fig.7  Full-scale  Rene  95  forging  preform  and  1 1 PI  disk  forging 
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I ik  X Tensile  (a),  creep/rupture  (b),  and  systained  peak  LCF  (e)  properties  of  PM  Rene  95  HPT  disk, 

compared  to  cast  + wrought  forging 
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A series  of  outstanding  accompl  ishrm  nt  s produced  by  HIP  » conventionally  formed  I’M  Rene*  9*3 
programs,  along  with  rapidly  rising  raw  material  costs,  logically  led  to  additional  cost  reduction 
activities.  The  primary  objectives  of  these  activities  are: 


1 ) 

Reduce 

raw 

material  input  < 

we  i ght 

2) 

Reduce 

numb 

er  of  metalwork 

ing  operations 

3) 

Reduce 

numb 

er  of  mac Mini  rig 

operat ions 

U t 

I mprove 

1 nea 

r net  ultasonic 

inspection  techniques 

Development  of  hot  die  forging  capabi 1 i t ies  is  a key  requirement  in  this  endeavor.  The  hot  die 
systems  greatly  reduce  the  severity  of  surface  chilling  inherent  in  the  conventional  "cold"  die 
system,  thus  permitting  a reduction  in  protective  material  envelope  around  the  part.  In  addition 
shaped  I’M  preform  technology  will  eliminate  large  quantities  of  unnecessary  input  material  and  also 
' e^uce  the  number  of  metalworking  operations  required  to  produce  the  desired  microstructure  and 
met hanical  properties.  An  integral  part  of  the  approach  will  be  the  development  of  an  ultrasonic 
inspection  technology  capable  of  inspecting  curved,  near  net  shape  components. 

Deve lopment  of  the  PM  forging  preform  technology,  including  the  ability  to  fabricate  shaped 
components,  is  paving  the  way  for  even  greater  cost  benefits  from  powder  metallurgy  processing. 
Initial  studies  of  I’M  preforms  indicated  that  mechanical  properties  competitive  with  those  achieved 
in  forgings  could  be  attained  in  HIP  and  heat  treated  Rene*  9r>  compacts.  Additional  cost  reduction 
b\  eliminating  the  forging  operation  from  the  manufacturing  sequence  of  some  PM  parts  is  thus  well 
within  the  realm  of  reality. 

(HAl.Lhy.l-S  \ FtTTKi  EFFORTS 

While  great  strides  have  been  made  in  the  past  several  years,  further  efforts  are  required  to 
develop  powder  metallurgy  processing  of  superalloys  into  a mature  technology.  Among  the  areas  of 
interest  »re  powder  handling,  shape-making  reproducibility,  productionized  HIP  facilities,  and 
nondestructive  inspection.  Argon  atomization  is  a well-established  process  of  powder  production. 
However,  handling  of  loose  powders  up  to  and  including  the  point  of  consol idat ion  requires  industry- 
wide, stringent  quality  control  measures  to  avoid  cont aminat ion.  While  the  making  of  relatively 
simple  shapes  by  the  As-HIP  process  is  now  at  hand,  the  capability  of  reproducibly  fabricating 
large  and  complex  shapes  with  the  desired  precision  has  yet  to  be  developed  and  demonstrated.  HIP 
facilities  must  be  improved  for  production  thruputs.  In  most  instances  today,  cycle  times  are 
excessively  long,  circa  eight  hours.  Finally,  the  elimination  of  harmful  defects  in  rotating  parts 
of  turbine  engines  is  a prime  requisite.  Development  of  NDE  techniques  uniquely  suitable  for 
inspecting  complex,  near-net  shapes  requires  continuation  of  the  intensive  efforts  which  are  already 
in  progress. 

(OMUDiy.  HKMAKK.S 

The  utility  of  Rene'  9r»  is  enhanced  considerably  by  PM  processing.  The  dual  approaches  of 
HIP  • forging  and  As-HIP  offer  opportunities  of  very  substantial  cost  reduction  in  the  production 
of  critical  rotating  components  in  aircraft  engines.  Some  of  these  opportunities  are  being 
materialized  today,  while  others  require  advances  in  several  areas  reviewed  above.  Based  on  recent 
progress  there  is  every  indication  that  the  industries  involved  will  rise  to  the  occasion. 
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INVESTIGATIONS  FOR  MANUFACTURING  TURBINE  DISCS  OF 
N I - BASE  SUPERALLOYS  BY  POWDERMETALLURGY  METHODS 

W.  Betz,  H.  Huff  and  W,  Track 
MTU  - MOTOREN-  UNO  TURB I NEN-UN I ON , MUnchen  GmbH 
8000  MUnchen  50,  Postfach  50  06  AO,  Germany 

and 

M.  Brandis,  F.  Schubert  and  W.  Spyra 
THYSSEN  EDELSTAHLWERKE  A.G. 

4150  Krefeld,  Postfach  730,  Germany 


SUMMARY 

In  this  paper  the  potential  advantages  arising  from  powder  metallurgical  production  of 
turbine  discs  using  different  processing  methods  are  discussed.  Our  research  work  In- 
cluded the  following  production  methods: 

- powder  compressed  by  hot  extrusion,  disc  shaping  by  forging  In  a conventional 
forging  press; 

- Argon-atomised  powder  compressed  by  hot  Isostatic  pressing  (HIP),  disc  shaping  by 
forging  In  a conventional  forging  press; 

- Argon-atomised  powder,  compression  and  simultaneous  disc  shaping  by  HIP 

The  Influence  of  different  steps  is  discussed,  e.g.  H I P- pa rame ters , forging  parameters 
and  heat  treatments  on  mi crostructure  and  results  of  tensile  tests  ( f rom  RT  up  to  R00°C) 
creep  rupture  test  (650°C  and  730°C)  and  low  cycle  fatigue  tests  (test  bars  at  RT  and 
600°C  and  splnned  discs  at  RT).  Parameters  have  been  found  for  HIP  In  combination  with 
thermomechanical  post  treatment  which  produce  a ml cros true ture  In  which  the  previous 
particle  grain  boundaries  are  not  densely  covered  by  carbides.  This  ml crostructure 
leads  to  mechanical  and  technological  properties  which  appear  to  be  adeguate  for  the 
use  of  these  PM-materlals  for  turbine  discs. 


1.  INTRODUCTION 

Powder-meta 1 1 urgy  processes  have  been  developed  so  far  that  thq  manufacture  of  critical 
components  for  aircraft  engines  by  these  processes  can  be  considered.  If  those  proc- 
esses are  used  to  produce  turbine  discs, such  parts  are  expected  to  offer  the  following 
advantages  over  conventional  forged  ones: 

- Improvement  of  the  minimum  values  of  the  mechanical  properties  of  components,  by 
either  raising  the  mean  values  using  higher-alloyed  materials,  and/or  by  restricting 
the  scatter-band  of  the  mechanical  properties  In  comparison  to  conventionally  manufac- 
tured components. 

- Reduction  of  the  total  costs  of  the  components  by  saving  material  and  machining  work 
using  shapes  of  the  rough  parts  closely  near  the  net  shapes  of  finished  parts. 

The  goal  of  the  work  reviewed  here  was  to  Investigate  the  extent  to  which  these  expec- 
tations can  be  fulfilled. 

On  principle  to  produce  discs  by  powder-meta 1 1 urgy  processes  the  following  steps  are 
needed  (Cf.  scheme  In  Fig.  1): 

Melting  of  alloy 
Powderlzatlon 
Canning  of  powder 
Consolidation  of  powder 

Testing  of  blank  properties  after  heat  treatment 
Machining  to  finished  part 

Various  possibilities  and  alternatives  are  known  for  carrying  out  each  of  the  basic 
steps  shown  In  the  scheme.  Various  combinations  of  these  separate  steps  are  possible 
to  produce  the  finished  component.  The  choice  will  depend  on  which  of  the  objectives 

- Improvement  of  properties  or  cost  savings  - Is  made  predominant. 


EXPERIMENTAL  PROCEDURES 


2. 

2.1.  Selection  of  the  process 

The  selection  of  process  steps  for  the  Investigations  described  here  was  determined 
partly  by  the  almed-at  goal  and  partly  by  the  availability  of  test  and  production 
facilities.  Three  methods  of  production  were  adopted: 

A.  Argon  atomization  of  the  alloy  and  consolidation  to  150  mm  d 1 a stock  by  hot 
extrusion  presslnq  (procured  from  Federal  Mogul,  USA),  forging  to  "pan  cakes" 

In  a drop-forging  press. 

B.  Argon  atomization  of  the  alloy  (at  TEW:  Thyssen  Edelstahlwerke  AG,  Krefeld,  BRD 
resp.  KH : Kelsey  Hayes,  Detrold,  USA)  and  hot  Isostatlcally  pressing  (hipping) 

In  steel  cans  (at  TEW)  without  any  forqlng. 

C.  Argon  atomization  of  the  alloy  (at  TFW  resp.  KH),  hipping  In  steel  cans  and 
forging  In  cannings  Into  disc  blanks  In  a forglnq  press. 

It  was  possible  to  adopt  method  A without  delays,  this  servlnq  to  qather  experience  on 
the  parameters  for  hot-forming  powder-meta 1 1 urqy  prematerlal.  The  handicap  of  this 
method  Is  the  restriction  Imposed  on  the  disc  diameter  by  the  diameter  of  the  available 
extrusion  presses  and  by  the  height/cross  section  ratio  In  upsetting. 

Cost  savings  can  most  likely  be  expected  from  method  B,  particular  attention  having  to 
be  given  to  ensuring  the  almed-at  properties.  A hot  Isostatic  press  with  an  adequate 
useful  diameter  is  a prerequisite,  however. 

Method  C,  like  A,  offers  good  prospects  of  achieving  the  mechanical  properties  almed- 
at  without  close  restrictions  on  the  diameter  but  entails  the  disadvantage  of  hlqher 
production  costs  than  B. 

2.2.  Selection  of  materials 

Investigations  were  carried  out  with  Udlmet  700  and  IN  100  as  materials. 


Mean  compositions  are: 
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Discs  of  U 700  are  already  produced  by  conventional  forqlng,  so  that  data  for  compari- 
son are  available.  This  Is  not  the  case  for  IN  100,  orlqlnally  developed  for  cast 
turbine  blades.  The  alloy  composition,  however,  promises  some  advantages  for  high 
temperature  applications.  Relative  to  the  nominal  composition  of  IN  100  the  carbon 
content  was  lowered. 

- Udlmet  700:  TEW  powder  to  0.036  - 0.050  t C 

KH  powder  to  0.020  T C 

- IN  100  : TEW  powder  to  0.030  - 0.050  t C 

KH  powder  to  0.020  t C 

For  cannlnq,  powder  particles  less  than  80  mesh  (particle  diameter  less  than  180 
microns)  were  screened  out  under  vacuum  or  Inert  qas,  the  average  tap  density  of  all 
powders  being  about  65  t.  The  oxygen  content  of  the  powders,  determined  with  samples 
prior  to  canning,  was 

Udlmet  700:  TEW  powder  between  80  - 140  pom  0-, 

IN  100  : TEW  powder  between  80  - 200  ppm  0^ 

KH  powder  130  pom  O2 


2.3.  Canning 

After  atomization,  the  powder  was  collected  In  containers  which  could  be  evacuated; 
particles  with  diameters  less  than  180  microns  were  separated  under  vacuum  or  Inert 
gas,  transferred  from  the  container  to  the  cans  in  a qlove  box  respectively  vacuum 
screener.  After  this,  the  filled  cans  were  heated  up  durlnq  evacuation,  and  welded 
tightly.  The  can  consisted  of  two  deep-drawn  pot  sections  of  18/8  steel  welded  toqether. 
Figure  2 shows  how  a can  looked  prior  to  (a)  and  after  hipping  (c).  The  slightest  leaks, 
particularly  at  the  weld,  lead  to  pufflnq-up  of  the  can  durlnq  the  dropping  of  the 
pressure  after  the  hipping  operation  (b).  This  means  In  the  case  of  larqe  diameters, 
that  the  furnace  of  the  press  can  be  destroied.  Checks  for  hermetic  seallnq  and  special 
pre-heating  cycles  virtually  excluded  such  mlshapes. 
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2.4.  Selection  of  HIP  parameters 

Of  particular  importance  is  the  determination  of  the  right  HIP  parameters  for  process- 
ing methods  B and  C.  Hot  isostatieally  pressed  specimen  with  microoores,  particularly 
if  these  must  be  attributed  to  gas  inclusions,  cannot  be  healed  out  by  subsequent  hot 
work i nq . 

The  best  hipping  temperatures  for  RenA  95,  Udimet  700  and  IN  100  powder  materials  were 
to  be  Identified  from  a sequence  of  pressing  temperatures  between  1050  and  1300°C  usinq 
the  same  pressing  time  of  two  hours  (Fiqure  3).  No  connection  was  found  between  micro- 
pores  and  hipping  temperature  at  the  temperatures  selected. 

All  indications  are,  that  if  there  are  a lot  of  micropores,  they  are  caused  by  faulty 
canning  or  even  by  the  use  of  powders  with  gas  Inclusions.  If  the  HIP  parameters  are 
assessed  on  the  basis  of  tensile  tests  at  535°C  and  730°C,  and  of  1 1 me- to-ruot ure  tests 
at  650°C  on  smooth  and  notched  specimens  taken  from  hip-consolidated  material  up-set- 
forged  into  discs  and  heat  treated,  it  is  evident  that  high  pressures  produce  fairly 
good  results  at  all  temperatures  for  a pressinq  time  of  2 hours  (Fiqure  3). 

For  the  assessment  of  HIP  parameters,  oosthippinq  microstructures  must  be  taken  as  a 
guide:  in  the  case  of  the  alloy  IN  100  with  the  lowered  carbon  content,  no  heavy 
carbide  deposits  do  form  on  the  previous  powder  particle  boundaries  at  pressing 
temperatures  lower  than  the  i-solution  temperature  (Fiq.  3).  The  previous  powder 
particle  boundaries  are  still  visible  in  the  consolidated  material  using  press- 
temoeratures  up  to  about  1050°C.  In  this  temperature  reqfon  one  can  also  find  isolated 
micropores  neighbouring  coarser  particles.  Usinq  press  temperatures  above  the  y - 
solution  temperature  (up  to  about  1220°C)  complete  rec r i 5 ta 1 1 1 sa 1 1 on  occures  during 
the  consolidation  process.  In  some  cases,  however,  the  previous  particle  boundaries 
are  limitinq  the  grain  growth.  Pressinq  at  Still  hiqher  temperatures  result  in  a 
mi c ros tr uc ture  showing  features  of  eutectic  y/y  -formation  similar  to  incipient 
melting  in  cast  specimen. 

In  the  tests  thereafter,  HIP  temperatures,  which  miqht  lead  to  incipient  melting  were 
avoided  since  the  effect  of  such  structural  chanqes  was  not  known,  especially  with 
reqard  to  fatique  life. 

The  otherwise  untreated,  hipped  Udimet  700  specimens  of  the  first  test  series,  at 
hipping  temperatures  above  1160°C,  all  showed  heavy  deposits  of  carbides  on  what  once 
were  the  boundaries  of  the  powder  particles. 

Various  hippinq  cycles  (Fig.  4)  were  then  employed  in  an  attempt  to  achieve  a micro- 
structure  which  after  hippinq  would  be  free  from  heavy  precipitations  on  the  former 
powder  particles.  Hipping  cycle  IV  qave  this  result,  the  former  powder  particle 
bpundaries  however  remained  in  the  mi c ros t rue ture  in  the  form  of  grain  boundaries. 

Cycle  V again  produced  carbide  precipitations  on  the  boundaries  of  the  powder 
particles,  but  these  did  not  form  so  densely  closed  layers  as  obtained  in  previous 
tests.  Cycles  I,  II  and  III  employed  additional  ore-hea ttrea tments  achieving  a 
structure  which  would  be  less  susceptible  to  MC  precipitation  during  the  HIP  process. 

Fig.  5 Illustrates  the  results  on  m 1 c ros t rue t ure  obtained  by  this  measure.  Also  from 
the  aspect  of  attainable  mechanical  c ha rac ter  1 s 1 1 c s , double  pressing  (process  III)  is 
to  be  preferred  to  single  pressinq  (Processes  I and  II). 


? . 5 . Hot  Forming 

Disc-forminq  tests  on  extruded  PM  prematerial  (method  A)  showed  that  hot-forming  of 
such  highly  alloyed  materials  requires  protective  canninqs.  This  cans  have  to  keep  the 
temperature  nearly  constant  and  roughly  consistent  over  the  entire  billet  and  its 
surfaces.  For  method  C,  the  protective  canninqs  normally  include  the  canninq  materials 
from  HIP  consolidation  and  additionally  a canning  of  structural  steel  (Fiq.  6).  Using 
starting  temperatures  of  1170°,  1160°,  1150°  and  1120°  for  PM  Udimet  700,  and  1700°, 
1180°,  1160°  and  1150°  for  PM  IN  100;  the  upset  operation  on  a forqing  press  was  done 
successfully  in  several  steps  or  else  in  one  up  to  a total  deformation  of  about  70  %. 
From  the  HIP  consolidated  prematerial  of  about  130  mm  in  diameter  and  180  mm  in  heiqht, 
flat  discs  were  made  approximately  770  mm  in  diameter  and  45  to  50  mm  high.  Photoqraphs 
of  some  discs  after  hot  forming  are  shown  in  Fiq.  7,  Of  the  20  discs  made  of  this  sire, 
no  more  than  two  exhibited  tears,  which  will  have  to  be  viewed  in  connection  with 
leakages  after  hot  Isostatic  consolidation,  however.  Hot  forminq  does  only  deform  the 
material;  it  will  not  remedy  microflaws  comtnq  as  a result  of  remaining  gas  between 
the  powder  particles  enclosed  during  consolidation. 


7.6.  Heat  Treatment 

For  Udimet  700  material  produced  by  the  normal  meltinq  process,  the  commonly  recommen- 
ded heat  treatment  is: 

11R0°C  4hr/Ac  ♦ 10B0oC  4hr/Ac  ♦ 850°C  24hr/Ac  ♦ 760°C  lfihr/Ac. 
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For  PM-prema ter  1 a 1 produced  per  method  A, 

1 1 20°C  4 hr/Ac  ♦ R50°C  ?4  hr/Ac  + 760°C  16  hr/Ac 
has  qlven  greater  benefit  In  terms  of  the  0,2-yield  strength  up  to  800°C  proof  tempera- 
ture creep  rupture  strenqth  at  630°  and  730°C  under  hlqh  load. 

For  HIP  consolidated  material  without  any  forqlnq  (mpthod  B),  we  feel  that  heat  treat- 
ment dependlnq  on  H I P- pa rame ters  still  needs  nerfectlnq.  Discs  accordlnq  method  C (HIP* 
hot  forming),  when  heat  treated  by  the  second  method,  have  already  shown  qood  results. 

No  established  heat  treatment  processes  for  conventionally  produced  materials  of  IN  100 
Is  known.  For  PM-IN  100  hot  formed  material,  the  following  treatment  has  shown  qood 
results:  1220°C  2 hr/Ac  ♦ 890°C  24  hr/Ac  + 760°C  4 hr/Ac.  Before  a selection  of  a 
process  useful  for  the  turbine  disc  application,  can  be  made  the  heat  treatment  will 
still  need  some  optimisation  work. 


3.  RESULTS 

3.1.  Results  from  Discs  from  hot  extruded  prematerlal  U 700  (Method  A) 

Specimens,  taken  from  discs  produced  by  upset tl nq  hot  extruded  prematerlal  and 
conventionally  heat  treated  (HT  I:  11R0°C  4 hr/Ac  ♦ 1080°C  4 hr/Ac  ♦ 8S0°C  24  hr/Ac  ♦ 
760°C  16  hr/Ac),  showed  at  elevated  temperature  tensile  test  results  (Flq.  8)  at  or 
just  below  the  mean  values  for  conventionally  produced  material.  Uslnq  a modified 
heat  treatment  (HT  II:  1 1 20°C  4 hr/Ac  ♦ 850°C  24  hr/Ac  + 760°C  16  hr/Ac),  the 
c ha r a c t er i s t 1 c s for  the  0.2  limit  were  Improved  considerably  especially  for  tempera- 
tures below  760°C. 

No  relationship  between  properties  and  position  resp.  orientation  of  the  specimen  in 
the  disc  would  seem  to  be  indicated. 

The  stress  rupture  performance  at  630°C  surpasses  the  data  for  conventional  material 
expected  by  extrapolation  of  Larson-MI 1 1 er  (cf.  Table  1).  At  730°C  the  expected  times 
at  rupture  are  not  fully  achieved.  For  both  temperatures,  heat  treatment  HT  II  has 
afforded  an  advantaqe.  Times  to  rupture  of  notched  specimens  are  normally  lonqer  than 
those  of  plain  specimens.  Considering  the  usual  scatter  band  for  stress  rupture  test 
results,  the  orientation  of  the  specimen  In  the  disc  has  no  effect  on  stress  rupture 
strenqth . 

Method  A produces  turbine  discs  In  PM-Udlmet  700  with  moderately  Improved  properties 
over  conventionally  made  discs. 


3.2.  Results  from  unforged,  HIP  consolidated  Disc  Blanks  (Method  B) 

Assessment  of  the  material  qot  by  the  hot  presslnq  method  employed  here  qoes  by  the 
following  criteria: 

- micropores 

- mechanical  properties  In  only  hipped  condition 

- mechanical  properties  after  heat  treatment 

A reproducible  relationship  of  micropores  to  the  hot  presslnq  parameters  would  not 
seem  to  be  Indicated.  While  certain  HIP  parameters  would  normally  produce  material 
free  from  micropores,  some  of  the  presslnqs  showed  considerable  ml croporos 1 ty  at  the 
same  HIP  parameters.  The  survival  of  micropores  In  the  structure,  then,  will  have  to 
be  attributed  to  canning  methods  and  the  selection  of  powder. 

The  mechanical  properties  (Flq.  9)  In  the  only  hipped  condition  (without  heat  treatment) 
vary  with  the  • -distribution  and  -site  achieved  by  the  thermal  treatment  during 
pressing  and  by  the  “bonding"  achieved  between  the  former  powder  particles.  The  0.2 
yield  strength  (Fig.  9)  at  test  temperatures  up  to  about  700°C  greatly  reflects  the 
. -site  achieved  by  the  thermal  exposure.  At  elevated  temperatures  the  "bondlnq" 
of  the  particles  Is  of  greater  Importance  with  reqard  to  the  0.2  yield  strength 
and  the  stress  rupture  performance.  The  examples  shown  in  Flq.  9,  Indicate  that  the 
two  stage  HIP-process  will  give  the  best  bonding. 

This  holds  true  also  for  heat  treated  HIP  specimens  (Flq.  10),  where  at  test  tempera- 
tures above  700°C  the  double-pressed  specimens  prove  to  be  superior,  after  both  heat 
treatments,  to  the  s 1 ngl epressed  specimens.  Difficulties  are  encountered  at  tempera- 
tures above  700°C  In  the  matter  of  stress  rupture  performance.  The  material  Is  very 
sensitive  to  abrupt  tra ns  1 1 1 ons 1 n cross  section  such  as  thev  occur  between  the  qrlp 
end  and  the  gauge  length.  Notch  sensitivity  becomes  apparent  also  from  the  time  to 
rupture  of  notched  specimens: 
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In  our  Investigation  Method  B d 1 t not  yet  give  discs  which  would  be  sure  to  provide 
all  desired  c ha rac ter  1 s 1 1 cs  reprod uc 1 b 1 y . 


3.3.  Results  from  Discs  from  forged  H I P- prema ter  1 a 1 (Method  C) 

Assessment  of  the  re-formed  discs  went  by 

- ml cros true ture 

- variation  of  tensile  test  cha rac ter  1 s 1 1 cs  with 
test  temperature 

- fatigue  performance  (LCF  at  RT  and  600°C) 

- creep  rupture  strength 

The  microstructure  Is  assessed  from  the  aspects  of  microporosity  and  grain  structure. 
Microporosity  comes  with  the  hipped  material  and  Is  not  healed  out  by  post  HIP  hot 
forming,  especially  not  If  It  Is  attributed  to  gas  Inclusions.  The  grain  structure  Is 
subject  to  change  by  hot  forming,  especially  when  after  HIP  consolidation  particle 
boundaries  are  not  denslly  covered  by  carbide  precipitations.  (Fig.  11). 

The  production  parameters  for  the  material  to  Investigate  the  not-hot-formed  condition 
(U  11)  were  the  following: 

980°C  15  hr  4 980°C  3 hr  1780  bar  4 1120°C  3 hr  1920  bar 
powder  manufacturer:  TEW,  0?  content:  105  ppm, 
site  after  hipping:  130  mm  dla  and  180  high 

Disc  U 15  was  hot  formed  from  prematerlal  with  nearly  Identical  H I P-pa rame ters  as 
pressing  U 11  (pressing  cycle  III) 

980°C  15  hr  4 980°C  3 hr  1930  bar  4 1120°C  3 hr  1950  bar 
powder  ma nuf ac tu rer : TEW,  Op  content:  1*0  ppm 
hot  formed  on  a forging  press  In  bicanning  at 
1150°C  In  two  upset  steps  of  50  t and  20  t. 

Final  size  of  the  pancake:  275  mm  dfa  and  50  mm  high. 

Fig.  11  shows,  that  the  ml c ros t rue ture  resulting  from  heat  treatment  strongly  depends  on 
the  ml c ros t rue t ure  entering  the  heat  treatment.  In  tensile  tests  at  600°C  and  700°C  on 
heat  treated  specimen  pressing  U 11  shows  higher  0.2  yield  strength  but  poorer  rupture 
strength  and  ductility  compared  with  U 15. 

One  disc  (U  3)  was  Investigated  In  a total  cut;  the  production  parameters  were  nearly 
the  same  as  with  disc  U 15. 

980°C  15  hr  4 980°C  3 hr  1870  bar  4 11?0°C  3 hr  1960  bar 
powder  manufacturer:  KH , Op-content:  150  ppm 
hot  formed  on  a forging  press  In  bicanning 
at  1160°C  with  steps  of  30  t,  20  X and  25  % deformation. 

Final  site:  270  mm  dla  and  45  mm  high. 

The  ml c ros true t ure  achieved  after  hot  formlno  and  after  heat  treatment 
1 1 ?0°C  4 hr/Ac  4 850°C  24  hr/Ac  4 760°C  16  hr/Ac 
Is  given  In  Fig.  12. 
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On  this  disc,  0.?  yield  strength  and  rupture  strength  up  to  nroof  temperatures  of 
700°C  (Flq.  13)  range  above  the  mean  values  of  conventionally  manufactured  material. 
Results  obtained  from  this  material  In  fatigue  tests  Indicate  a notable  Independence 
of  specimen  orientation  In  the  disc.  The  obtained  LCF  test  results  were  slightly 
superior  to  the  cha r ac ter  1 s 1 1 cs  obtained  for  discs  In  Waspalov.  It  Is  merely  the  time 
to  rupture  of  7 30°C  of  radial  specimens  which  does  not  meet  expectations. 
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?3.4 

3.5 

rupture  at  transition 

5RR 

4.5 

notched 

539 

2? . 0 

3.5 

rupture  at  transition 

539 

1.5 

notched 



It  appears  that  discs  of  hipped  material  exhibit  notch  sensitivity  even  If  they  are 
hot  formed. 

Bv  method  C also  discs  of  IN  100  were  produced.  The  mi c ros t rue t ure  of  two  of  these 
discs  Is  qlven  in  Fiq.  14.  The  difference  In  their  manufacturing  parameters  Is,  one, 
in  different  temperatures  at  the  second  step  of  hot  Isostatic  pressing  In  the  course 
of  double  presslnq  and,  two.  In  different  foroinq  steps:  three  steps  for  disc  IN  19 
and  two  steps  for  disc  IN  30.  These  differences  produced  different  grain  sizes  at  the 
same  heat  treatment  (Fig.  14).  On  disc  IN  30,  remainders  of  former  powder  particle 
boundaries  with  precipitation  were  still  noted. 

The  charac ter  1 s 1 1 cs  for  these  two  discs  (Fig.  15)  obtained  from  tensile  testlnq  up  to 
oroflf temperatures  of  700°C  and  from  LCF  testlnq  at  600°C  differ  little  one  from  the 
other.  It  Is  only  at  800°C  that  disc  IN  30  qlves  superior  0.?  yield  strenqth  and 
ruoture  performance.  No  differences  were  noted  between  radial  and  tangential  specimens. 


Present  results  from  stress  rupture  testlnq  at  730°C  on  disc  IN  30  still  give  no 
Indication  of  the  effect  the  orientation  of  the  test  specimen  may  have  on  the  data 
at  rupture: 


T emp . 
°C 

Load 

2 

kp/mm 

Time  at 
rupture 
h 

Elonqatlon 

X 

Reduction  In 
area 
t 

_ 

Orientation  of 
specimen 

730 

60 

162.6 

6.0 

9.6 

ta  nqent  1 a 1 

31.9 

7.2 

12.3 

radial 

55 

370.3 

1.2 

R.3 

tanqentlal 



416.9 

id 

8.? 

— 

radial 

The  comparatively  low  deformation  at  rupture,  which  also  is  obtained  In  tensile  tests 
above  730°C,  Is  a notable  Indication. 


3.4.  Spinning  test 

In  addition  to  the  common  testing  methods  using  test  bars  for  tensile  test,  creep  test 
and  fatigue  test,  discs  produced  from  PM-materlal  have  been  spun.  Two  types  of  tests 
have  been  used  for  gettinq  a better  knowledge  of  the  service  performance  of  these 
materials  utilizing  the  uneven  stress  condition  of  a rotating  disc.  The  discs  show 
almost  the  some  strength  along  the  radial  direction  and  have  got  a bore  in  the  centre, 
which  acts  as  a notch.  The  diameter  of  the  test  disc  Is  about  120  mm. 

At  test  type  A at  room  temperature  the  revolutions  per  minute  of  the  disc  are  Increased 
to  certain  steps.  The  disc  Is  stopped  then  and  the  gained  enlargement  of  diameter  Is 
recorded.  In  Fig.  16  this  parameter  is  drawn  against  the  revolutions  per  minute  for  two 
discs  from  only  hipped  PM-U  700  (U  11)  and  for  one  disc  from  hipped  and  additionally 
forged  PM-U  700  (U  15).  By  this  the  results  of  tensile  test  are  confirmed  qualitative- 
ly: the  disc,  produced  from  the  only-hipped  material  U 11  which  shows  the  hlqher  yield 
strength  compared  with  U 15,  Is  less  deformed  than  the  disc  from  post  forged  material 
at  the  same  revolutions  per  minute.  The  spinning  was  not  continued  until  burst  of  the 
discs,  since  these  were  needed  for  further  LCF-tests.  The  number  of  r.p.m.  at  burst 
would  show  whether  the  higher  ultimate  strength  of  postforged  U 15-material  Is 
conf 1 rmed  also. 

In  test  type  B also  at  room  temperature  the  revolutions  per  minute  of  the  disc  are 
Increased  within  about  three  minutes  to  a fixed  maximum  value  and  are  then  reduced  to 
zero  again.  This  cycle  Is  repeated  until  the  first  crack  appears  respectively  the  disc 
bursts.  Fig.  17  shows  this  number  of  cycles  drawn  against  the  maximum  stress  in  the 
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central  notch  of  the  disc  at  maximum  r.p.m.  For  comparison  some  results  are  given  for 
discs  of  Waspaloy  and  IN  718  materials  which  are  quite  similar  to  U 700.  With  8400 
cycles  to  fracture  the  only  hipped  U 1 1 - PM-ma t er 1 a 1 nearly  reaches  the  values  of  the 
well  established  conventional  materials.  At  5000  cycles  the  last  crack  Inspection  was 
done  and  no  cracks  have  been  found  In  the  disc. 


4.  DISCUSSION  AND  CONCLUSIONS 


In  this  Investigation  the  goal  of  improoved  strength  could  be  reached  for  tensile 
properties  in  the  temperature  range  up  to  700°C  for  both  alloys  U 700  and  IN  100. 

Above  this  temperature  the  tensile  strengths  of  PM-U-700  just  meet  the  properties  of 
conventionally  produced  material  or  even  drop  to  lower  values.  There  is  almost  no 
difference  between  the  properties  obtained  according  to  the  different  production 
methods  A,  B and  C for  PM-U-700  in  the  temperature  region  up  to  700°C,  but  above  this 
temperature  method  A gives  slightly  better  values  then  method  B and  C. 

Similar  results  are  found  for  PM-IN  100:  at  temperatures  above  700°C  to  750°C  the 
tensile  properties  drop  considerably  below  that  of  the  cast  material. 

For  both  alloys  this  behaviour  might  be  explained  by  insufficient  strength  at  high 
temperature  of  the  boundaries  between  former  powder  particles.  The  better  properties 
of  extruded  PM-material  (method  A)  show  that  some  improvement  could  be  achieved  for 
HIP-material  also.  Another  hint  for  attainable  improvements  with  regard  to  powder 
particle  boundaries  is  given  by  the  good  performance  of  double  pressing  in  method  B 
and  C,  which  aims  strictly  at  influencing  the  structure  of  these  boundaries. 

The  notch  sensivity,  found  in  testing  of  bars  produced  according  to  method  B,  did  not 
show  a negative  influence  on  the  performance  of  the  disc  in  spinning  test.  In  this 
LCF-test  the  number  of  cycles  to  fracture  is  well  comparable  to  values  gained  from 
conventionally  produced  disc  material  like  Waspaloy  and  IN  718.  Further  tests  will 
show  how  reproducible  the  results  are. 

In  creep  test  the  longest  times  to  rupture  were  achieved  with  me t hod - A-ma ter i a 1 . The 
reason  for  that  seems  to  be  found  in  choise  and  handling  of  the  powder,  since  method 
C-material  was  forged  also  and  the  times  to  rupture  are  not  satisfactory  in  this  case 
Comparing  the  not  extruded  materials,  IN  100  shows  the  best  times  to  rupture  under 
similar  test  conditions.  In  general  the  creep  performance  of  PM-material  still  needs 
a lot  of  improvement. 


As  a result  of  this  investigation  it  shall  be  pointed  out,  that  it  seems  to  be 
possible  to  achieve  by  powde rme ta 1 1 urg i ca 1 methods,  the  material  properties  demanded 
for  critical  engine  parts  like  turbine  discs.  Further  investigations  aiming  at 
performing  the  demanded  material  properties  at  full  scale  and  reliably,  should  be 
guided  by  the  following  points: 

- development  of  modified  alloys  for  PM-purposes,  which  do  not  tend  to  form 
precipitation  layers  on  the  surface  of  powder  particles. 

- Pretreatment  of  the  powder  for  getting  an  optimum  structure  within  the  particles 
before  pressing  with  regard  to  stronger  boundaries  in  the  pressing. 

- reproducible  good  degasing  and  tight  encapsulation  of  the  powder, 
optimisation  of  M I P-pa rame ters . 

optimisation  of  heat  treatment. 
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Table  1 Stress  rupture  properties  of  PM  U 700  according  to  production  method  A 


BBS 

H 

650 

981 

HT 

i 

R 

s 

17.3 

23,2 

10,0 

650 

981 

HT 

ii 

R 

s 

30,6 

22,0 

29,3 

650 

981 

HT 

I! 

R 

s 

26,6 

650 

981 

HT 

II 

R 

n 

- 

650 

981 

HT 

1 1 

T 

s 

29,8 

22,4 

29,6 

650 

981 

HT 

1 1 

A 

n 

76,3 

13.2 

26,3 

650 

981 

HT 

1 1 

A 

s 

64,4 

15,2 

22,5 

650 

981 

HT 

1 1 

A 

0 

45,7 

" 

650 

932 

HT 

I 

R 

s 

69,0 

10,5 

15.5 

650 

932 

HT 

I 

R 

n 

97,4 

“ 

650 

932 

HT 

I 

A 

s 

38,8 

12.4 

21,9 

650 

932 

HT 

I 

A 

n 

87,7 

* 

730 

540 

HT 

I 

R 

5 

314,9 

8,4 

14,0 

730 

540 

HT 

I 

R 

s 

245,1 

5,6 

■MI! 

730 

540 

HT 

I 

R 

n 

374,4 

- 

730 

540 

HT 

I 

T 

n 

514,4 

- 

730 

540 

HT 

I 

A 

n 

338,8 

- 

730 

540 

HT 

I 

A 

n 

589,2 

- 

730 

540 

HT 

I 

A 

n 

417,8 

- 

- 

730 

540 

HT 

I 

R 

s 

198,7 

18,3 

730 

540 

HT 

I 

T 

* 

341,5 

9.6 

10,3 

730 

540 

HT 

II 

R 

n 

791,8 

- 

- 

730 

540 

HT 

1 1 

A 

s 

495,7 

8,8 

18,4 

730 

540 

HT 

II 

R 

s 

331 

- 

730 

540 

HT 

1 1 

R 

n 

1244,3 

“ 

- 

730 

540 

HT 

<-  ■ 

1 1 

A 

s 

217,2 

7.2 

13,0 

Properties  of  conventional  fprqed  U 700  are  accordlnq  to  La rson-MI 1 1 er-d 1 aqram : 

650°C  981  N/mm*:  0,3  hr 
93?  N/mm?:  1,8  hr 
7 30°C  540  N/mm2:  844,5 


A : axial 

R:  radial 

T:  tanqentlal 


orientation  of 
specimen  In  disc 


s : 


n : 


smooth  specimen 
notched  specimen 


r 
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Alloy,  melting  o 
master  heal 


powder 


canning 


consolidation 


forging 


heat  treatment 


machining  to 
finished  part 


test  of  properties 


F * 9 « l . Scheme  of  possible  production  steps  for  a turbine  disc  of  PM-ma terla 1 . 


AA 

argon  atomisation 

VH? 

vacuum  atomisation 

by  H2 

REP 

RDP 

rotating  electrode 
rotating  disc 

j powder  1 s a 1 1 on 

HIP 

hot  Isostatic  pressing 

HE 

hot  extrusion 

PF 

powder  forging 

HTI..III  different  heat  treatments 


Temperature  exposure  at  HiP-process 
compared  with  TTT  - diagramrr  for  Udimet  700  1 


without  pressure 


980  C 5 hrs  1919  bar 


Influence  of  HIP-parameters  on 
nicrostruclure  of  PM-Udimet  700 


Krefeld 


pr  imary 

secundar  y 

beg  i nn  i ng 

1 1 
} * 

' 7 j—  t 

■ 

beginning  / (v) 

23  6 

beginning 

^vT~~ ...rrr. - : ttt,  r 

i 
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Results  ot  tensile  tests  on  hipped 
and  heat  treated  PM  Udimet  700 


Fig:  11 


Fig:  12 


jL 


HIP  ♦ heat  treated 


■ » yj 
/«>  <V' 

iy  •'.Mi'*; 

Wi: 


HI  P*forged*heat  treated 


HIP  * forged 


Microstructure  of  PM  Udimet  700 
in  dependance  of  process  steps 


Krefeld 


HIP  • forged 


heat  treated 


U 3 ( simi  lar  to  U 15  ) 


powder:  KH,  150  ppm  , ‘ , 

HIP:  980°C  15h  . 

980° C 3 h 1870  bar  ♦ 1120°C  3h  1960  bar 
forged  1 160°C  (30%,  20%,  25%) 

heat  treated:  1120°C  4h/AC  • S50°C  24  h/  AC  * 760°G  16h/  AC 


Microstructure  of 
PM-Udimet  700  disc  ( U 3 ) 
forged  from  hipped  prematerial 


Krefeld 


IN  iO  HIP  . forged 

• heat  treated 


IN  19  HIP  . forged 


heat  treated 


5/jm  *■% 
, — - — - 


TEW 


powder 


100  ppm  O. 


TEW  125  ppm  O, 


HIP  : 980  C 15  hrs  980  Cl5hrs 

• 980° C 3 hrs  1870bar  . 980°C  3hrs  1860bar 

•1100°C  3 hrs  1950  bar  • 1 160°C  3hrs1950bar 

forged  1 160°C  (30%,  20%,  25%)  1 160°C  50%.  20%) 

heat  treated'  1220°C  2hrs/AC  • 890°C  24  hrs/Ar.  . f60°C  34  hrs/AC 


Microstructure  of  PM-IN  100  disc 
forged  from  HIP-premater lal 


Krefei  d 


proof 


Results  of  two  PM-IN  100  disc*, 
forged  of  HIP  prematerial 
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R6s  umi 

Les  caract^nstiques  des  alliages  a base  nickel,  6labor6s  ts  partir  de  poudres  pr£alli6es,  sont  influences  par  chacune  des  opi 
rations  successives  de  mise  en  ceuvre  Le  but  de  ce  travail  est  de  montrer  I'effet  des  principaux  parametres  tels  que 
le  proetde  d'atomisation  de  la  poudre  (Electrode  tournante,  atomisation  a I'argon), 
la  granulom^trie  de  la  poudre, 
la  teneur  en  carbone  de  I'alliage, 

le  mode  de  densification  (filagr,  pressage  isostatique  conventionnel,  pressaqe  isostatique  rapide,  compression  uni  axiale  pseudo 
isostatique), 

les  traitements  thermiques  et  les  conditions  de  forgeage  selon  le  domaine  de  temperature  envisage  pour  ('application 

Les  structures  et  les  propr»6t6s  m^caniques  (traction,  tluage,  fatigue  oligocyclique)  sont  examinees  sur  des  ai  ages  el  shores  a 
Ttchelle  du  laboratoire  (IN  100,  Astroloy)  et  sur  des  produits  industries  de  diverse*  provenances  (Rene  9b  Aso  -toy  bas  carbone i 


INFLUENCE  ON  THE  MECHANICAL  PROPERTIES  OF  VARIOUS  PROCESSING  PARAMETERS 
APPLIED  TO  NICKEL  BASE  SUPERALLOYS  POWDERS 


Summary 

The  characteristics  of  nickel  base  alloys,  fabricated  from  pre  alloyed  powders,  are  influenced  by  each  of  the  successive  oi*?ra 
tions  This  paper  aims  at  showing  the  effect  of  the  main  parameters,  such  as 
powder  atomisation  process  (rotative  electrode,  argon  atomisation), 
powder  granulometry, 
carbon  content  of  the  alloy, 

densification  mode  (extrusion,  conventional  isostatic  compacting,  fast  isostatic  compacting,  pseudo  isostatic  uniaxial  compres 
sion), 

thermal  treatments  and  forging  conditions  according  to  the  temperature  range  considered  for  the  application 

The  structures  and  the  mechanical  properties  (tension,  creep,  low  cycle  fatigue)  are  examined  on  alloys  fabricated  at  labora 
tory  scale  (IN  100,  Astroloy)  and  on  industrial  products  of  various  origins  (Rene  95,  Astroloy  low  carbon) 


I - , . - 

caraeter i atiques  mecaniquea  des 
8 upe rai  1 1 i base  ie  nickel,  elaborcs  \ 
partir  le  poudres  prealliees,  sont  influence© 
par  chacune  Jes  operations  succeasives  de  mise 
en  oeuvre,  tant  au  niveau  de  la  preparat ion  de 
xa  poudre  et  de  la  densification  qu'ii  celui 
Jes  traitements  thermiques  ou  thermo-micaniques. 

Jana  le  but  le  mieux  saisir  1* influ- 
ence les  differenta  parametres  d' elaboration, 
des  travaux  ont  etc*  mencs,  paral  lelemerit , 'i 
L’echelle  du  laboratoire  sur  1 ' I.’l  1')0  et 
1' Astroloy,  et  dans  une  optique  plus  indus- 
trielle  sur  le  Rene  9';  et  1 'Astroloy  baa 
carbone. 

La  methode  d'atomisation  de  la  poudre 
intervient  en  particulier  Ians  La  repartition 
et  la  finesse  des  carbures.  :>a  granulomitrie , 
quant  .1  ell^,  semble  influencer  la  taille 
finale  du  gr am  de  I'alliage  tensifie.  La 
teneur  en  carbone  de  ce  dernier  pent  en  modi- 
fier totalement  la  structure  et  mene  interdire 
1 'util i sat  ion  de  certains  procedis  Je 
compaction. 


Lea  differents  modes  de  densificat;  : 
qui  ont  etc  utilises  (filago,  pressage  isosta- 
tique conventionnel  u chaud,  pressage  isosta- 
tique  rapide  1 chaud,  compression  uni-ax i ale 
pseudo-isostatique)  out  perrais  de  juger  de  lour 
interit  respect  if  et  de  mesurer  leur  influence 
sur  les  propriety's  mecaniques  des  al  ages  den- 
sifies  apros  traitements  thermiques.  Ces 
derniers  dont  le  choix  depend  du  domaine  de 
temperature  de  1 ' application  envisagee,  ainsi 
que  les  conditions  de  forgeage,  constituent  er 
fait  la  parti?  essentielle  de  la  mise  au  point 
des  alii ages  puisqu'ils  determinant  les  pro- 
priety's des  mater iaux. 

ii  - h.uni-j  r - 

Le  procedi  d ' elaboration  de  la  poudr* 
et  la  teneur  en  carbone  sont  deux  paranetres 
inportants  qui  agissent  sur  la  qualite  et  la 
structure  des  alii  ages  dens  i Ties,  ilos  observa- 
tions ont  exclusi venent  porte  sur  lea  poudres 
preparees  selon  deux  procides  parmi  les  plu3 
courants,  c'est-T-dire  u l'ilectrode  tournante 
oil  1'on  fait  jaillir  un  arc  dans  une  atmospher* 
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neutr**  int1  • iectrode  fixe  en  tungst^ne  < -t. 

ur.e  ■ Iectrode  toumante  .vinsonrviMe  (id  l ' 1 
, ' * et  par  atom  sat  i a l*urg  n 

. 'a. . . i£**  1 . jui  i*  pr*  ii  ' -T'-'  on  r ire-  . gout*  - 

u*  ■ g&:  , , 

» , , , 

l^p  pr 'C*  !•  . lectr  ;e  tournante 

conduit  * do;  part i codes  sp  riquos  1 struct^ire 
dendrit iq ie  ie  ) /r-  environ  ie  l i one t re  dont 

- a composition  iepenu  ie  la  p*as  ou  n ms 

- i . U ■ ■ . ■ ...  ■ . ' List  

i Li  i , i surface  du  ngot , 
particuies  dont  in  conpositi  ;i  varie  n i ■ ) urs 
' 

1 ingot  coiu.1  . La  tailie  des  pri’cip.t-  ; :e 

, 

s : re  car  .a  fus  i m br-ve  ie  I'ail;  *g«  i.'en 
re met  vraiseratlablement  ohs  la  dissolution 
complete  .Tig.  1),  L**s  teneurs  **r;  oxyg*v,ne  et 

•• 

ie  pr  i*  d'atomi  j*  on  .'argon 
conduit  p -r  •*  part  i«*  parti  • nes  • gaiement 
true  tun  ■ , ■ 

t de  forms  tr 

teneur  e-  «.yg  .«•  #»  . *_  I'ailleurs  p.  ;3  • Levee 
\ uc  iar.  > ii  pr  lent  et  se  sit  ;e  vit  ir  ie 
1 » rrm.  iertamea  particuies  presentent  des 
cavit/s  d«*  tai*ie  as  sec  import  or.  te  . ' /ur 

pour  lei  pi  is  crosses  pro : af ienent  rempiies 
• 


1 g 1 Poudr r if  IN  100  A t*n#ur  en  rarhontr  normal e (0, 18  %) 


I <g  J Poudre  d'lN  100  A has  carbone  0.006  » I 


<aatre  nu  thodes  ont  ' tr  utiiisees 
poor  la  densi fication  des  poudres  d'alliages 
i t sires  Le  fil age  . : fraud  , . gaine , 

*e  press age  isostatique  convent ionnel  1 sfraud, 
ie  preauage  isostatique  rapidr  et  la  compres- 
sion uni-axiole  pseudo-isostat ique. 

1° ) . ens i fi cat  ion  par  filage  i c.aud  - 

La  dens i fication  par  filage  a efraud 
impose  de  grandea  deformations  qui  paraissent 
favorables  i la  qualite  Ju  mat’riau.  Ce  procede 
est  par  contre  limit?  par  La  puissance  des 
presses  de  filage  lisponibles  et  la  realisa- 
tion de  pieces  ie  grand  diaraetre  neo- uniterait 
un  materiel  de  tres  grande  dimension.  II  reate 
par  contre  le  seal  procede  permettant  la  reali- 
sation de  profiles  le  formes  complexes  par 

r€duet  i i . t ■ ie  l* lints 

poudre.  Aucune  met node  1*  us  inage  ou  rneme  de 
filage  le  reateriau  massif  ne  permet  d'aboutir 
au  meme  r-  lultat  surtout  dans  le  cas  de  formes 
prosentant  des  £viJements  sur  ie  grandes 
longueurs.  La  jollification  dec.  materiaux  den- 
si Ties  par  filage  rente  par  consequent  tres 
It 

L' etude  a et-  a»*nee  sur  une  presse  de 
2rjQ  tonnes  uquipf-e  pour  le  procede  de  filage  'i 
chaud  U^UIL-iifcJOURWKT  ii  lubri fication  par  le 
verre.  Le  filage  de  la  poudre  s'effectue  sous 
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protectnce  d'acier  doux  ou  d'acier 
moxydabie,  obturee  sous  vide  secondaire  par 
bombardment  electron ique.  Le  doraai ne  de 
temperature  pour  lequel  le  'ilage  conduit  a un 
raateriau  sain  depend  de  la  nature  de  1' alii  age 
et  serable  lie  a sn  teneur  en  phase  ft  . Pour 
l'IN  100 , il  est  tr£s  etroit  (une  vingtaine  de 
degree  environ)  tandis  que  pour  l'Astroloy,  il 
peut  s'etendre  sur  une  cental ne  de  degres. 
L'operation  de  filage  constituent  un  system* 
pratiquement  odiabatique,  une  certaine  quant ite 
de  chaleur  due  a la  deformation  est  introduite. 

Il  s'ensuit  que  la  temperature  a laquelle 
l'alliage  doit  etre  porte  avant  extrusion  est 
lice  au  rapport  de  filage  et  varie  en  sens 
contra: re. 

La  vitesse  et  le  rapport  de  filage 
ont  ete  respect ivement  fixes  a 1 ra/s  et  a 15:1 
pour  les  deux  alliages.  Les  temperatures  pour 
^esquelles  les  mater iaux  se  3ont  alors  reveles 
3ains  sont  1 150°C  pour  l'IN  100  et  1 000°C  pour 
l'Astroloy.  Les  analyses  de  gaz  ont  raontre  que 
1 'accroissenent  de  la  teneur  en  oxygene  dans 
les  raateriaux  files  par  rapport  a la  poudre  ne 
itpasse  pas  10  ppm. 

Avec  les  conditions  de  filage 
adoptees,  la  structure  des  alliages  densifies 
est  presque  enticreraer.t  recristallisee  avec  une 
taille  de  grains  d'environ  10  /dm.  On  retrouve 
parfois  la  forme  de  certaines  particules  et 
quelques  zones  deniritiques  (fig.  3).  Dans  le 
cas  de  l'IN  100,  les  precipites  de  phase  y 0 
ont  one  taille  assez  uni forme  d'environ  ? 000  A i 
toutefois,  sur  les  nuances  densifiees  partir 
de  poudre  elaboree  suivant  le  procede  d' atomi- 
sation sous  argon,  on  observe  u cote  ie  la  fine 
precipitation  de  ^ ’ , une  precipitation  plus 

grossiere  atteignant  2 a U ^um  (fig.  U).  Ceci 
n'apparait  pas  ians  le  cas  de  l'Astroloy. 


f >g  .?  IN  100  d 0. 18  t t (poudre  a tom  nee  U (electrode 
tournsnte)  brut  de  ft  (age  1 150"C 


Au  cour3  de  la  p€riode  d'echaufferaent 
qui  precede  le  filage  et  par  un  me can is me  qui 
n'est  pas  totalement  elucide,  la  repartition 
les  carbures  evolue  et  l'on  constate  que  ces 
derniers  se  concentrent  u la  peripherie  des 
particules  de  poudre.  Apr^s  filage # les  preci- 
pitfcs  sont  alors  alignes  dans  lc  sens  de  la 
deformation,  decorant  ainsi  les  limites  des 
anciennes  particules.  Ce  phenomena  s 'observe 
surtout  sur  l'IN  100,  ti  teneur  en  carbone 
normale  (0,18  %)  mais  est  egalement  visible  sur 
l'Astroloy. 

Par  traction  tk  haute  temperature 
(au-delu  de  1 000°C),  lea  alliages  files  ont  un 


comportement  superplast iq  ie  avec  des  ailonge- 
ments  a rupture  super ieurs  a 6 00  5.  Ceci  est  \ 
relier  a la  grande  finesse  du  grain  raetallurgi- 
que  qui  est  obtenue  par  ce  procede  de  compac- 
tion. 


Fig  4 IN  100  d 0.006  % C (poudre  atomisee  A /'argon 
brut  de  filage  1 150  C 


. . ’ ° ) Lensi  fi  cat  ion  par  press  a;.*  e is03tatique 

: invent ; r.n-i  v.  : .n  ^ i - fiC"  '''  - 


Cette  methode  qui  est  surtout  envi- 
sage pour  des  pieces  de  grand  diaaetre  perr.et 
1 'utilisation  de  preforr.es  limitant  autant  que 
Le  l'usina  1 1 1 ■ ' . . ige  pi 

dans  un  recipient  faci lament  deformable  1 chaud 
.metal  ou  verre)  est  compactee  i haute  ternnC- 
rature  ians  une  enceinte  ie  type  au*  . r/e,  par 
1 * intermedia! re  d'un  gaz  s pr**  - : . Oer.Cra- 

lement  ians  le  cas  des  superalliages,  pour  it*-. 

■ . . eur  , . 

ronl  . 1 1 IPa, 

utilisees  atteignant  1 n'  °C. 

. eul  1*1.7  100  u has  carbone  , 
a ete  compact C par  ce  procede  par  la  firr.e  . c.'-' 
(RFA) , .1  de  ix  temperatures  1 ’ X)  et  i 


Fig  5 IN  100  4 0 006  % C demit  ie  par  PICC  ( 1 200'  Cl 
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La  precision  etait,  tana  ;ca  leux  ca  , 
d' environ  1 70  *tPa  et  le  temps  Je  compact i >n  le 
. heures.  L' alii  age  Jens i fie  par  cette  rr/'thode 
se  differencie  des  alii  age a file's  par  une 
structure  equiaxe  enticreraent  recristal  1 i 
‘la is  comne  Jans  ie  cas  ir*  1* alii  age  f*i  1 • 1»* 

t ion,  at  i 1' argon, 

la  presence  Je  precipites  grossiers  (plusieur- 
microns )de  phase  * (fig.  '>). 

Certains  senblent  decorer  l«*s  ioints 

I , ' V 

rerent  sont  vrai semblablement  localises  sur  les 
Is  g ent.  U rofj 

J'alliage  compacts  .1  1 1 > )°C  sont  caract'r is- 
tiques  J' ir.  manque  le  cohesion  ent  re  lea  parti- 
cules , scale  la  temp*' rat  are  de  1 ' °C  coniuit 

.•  - ku  ail  *1  parfaite 

ar.  ies  memes  con  tit  : ns  t'essais  ie 
traction  que  1 r mat'-riau  file,  le  materiau  ien- 
s : f : - par  r’I-V'  n'est  pas  iuperolast ique  r.ais 
poss  'Je  nalgr*'  tout  on  allongenent  1 rupture 
J'au  moms  12  *. 

. ' ■ *t *-  : par  ; r--  a ■ : ; 

r i;  . . . i . : - ’ I?  - 

Le  precede  consiate  a corapr;ner  le 
p . • ■ , tut  un  tfB] 

tr  , int  - fluide  t ran  t ••  ir 

ie  - rest  on  ie  fa-; on  1 r'-alisor  dec,  conditions 
Je  compaction  is  .tit: que. 

Le  proce  le  Je  Jens l ficat ion  par 
i • • . ini  a tud  pre- 

sente quel que  i nc  >r.v£r.i ents  , en  particulier  on 
invest i , « orient  coute  ix  pour  ler  installations 
spOci f i que s et  un  temps  Je  traitenent  relative- 
r-nt  . nr,  - .r  a -surer  une  lens i ficat ion  totale 
i -»  mat-rial.  . rai  • ns  r.*' tallurgiques  limitant 

n 

du  temp:  ie  c rapaction  n'e  t possible  que  si 
iceroft  ament 

. ig  • , . i ■ 

J" vc  1 ••  1 * 'int  'rieur  lu  conteneur  pout 

. ture 

r.e  peut  et  re  mamtenut  que  quelques  di  mines  ie 
,econ-ea#  .*-•  ,it ‘nai  :.e  r^fr  : .lissant  rap  i de- 
ment.   e :-i.  . ont  etc*  prvalablement  none:;  1 

filage, 

iur.t  la  a etc  rempiacee  par  une  piece 

pleine#  int  conduit  .1  ies  resultats  encou- 

rage ant-  i.  , pi;  ent : • -re.ment  .at  isfai  sants.  Ln 

, • amiai  ' • ■ r , 

*.*■  -.at  riai  eat  ecrase  et  occupe  tout  le  volume 
i:  poniblc.  II  vient  alors  en  contact  avec  la 
par,.  Ju  conteneur,  se  refroidit  fortenent  et 
~ ioq  la  deformation.  La  solution  reside  Jans 
1 * interposit  ion  ent  re  nat£riau  et  conteneur  J'un 
film  ie  fluide  transmetteur  de  press  ion  (verr«* 
f.niu  u matiu-re  organique). 

Ln  utilisant  une  presse  de  filage 
r.ydr  -statique  ir  S>7V  tonnes#  , il  a cte  possible 
Je  cor.pacter  sous  gaine  de  la  poudre  d'lli  100  a 
teneur  **n  carbone  norraalc  (0,1 8 1)  et  a trea  has 
carbone  , > )6  <)  <1  la  temperature  de  1 2Q0°C. 

La  press  ion  Jeveloppee  atteignait  1 300  MPa  et 
le  temps  le  maintien  une  vingtaine  dr  seconder. 
La  press  ior*  s'exerqant  en  milieu  hydros  tat  ique 
(visqueux),  tout  contact  est  evite  avec  le 
conteneur  et  lea  conditions  de  deformation  sont 
voioines  de  cellea  obtenies  en  prrssage  isosta- 
tique  conventionnel,  Les  alliages  sont  parfai- 
teaent  dens  if ies  et  sans  porosites. 

Toutefois,  1 * I N 100  a taux  de  carbone 
normal  (0,l8  t)  presente  des  li seres  de  carburen 
■ *g r<*ges  u la  limite  des  anciennes  particules 
de  poudre  (fig.  0).  Cette  structure  fragilisante 
est  tres  lefavorable  et  se  traduit  lore  des 
essais  arcaniques  par  les  ruptures  interpart icu- 
laires  sans  allongement  notable,  i’ar  contre, 

* CLA  Jaclay  : Service  de  Hecherches 

Metallurgiques  Appliqures. 


i |«  1*111  1 rbone,  ce 

.ti'Tie  n'apparatt  pa:;  et  l*on  retrouve  une 
struct  .re  tres  voisine  ie  ctlle  obtenue  S'ur  le 
er.e  mat-  riau  rompaetc  par  pre3uag**  isostatique 
DVWtiOQOfJ  fig*  « * , 

pas  Je  coraportement  superplastique . 


Pig  6 IN  100  d 0.18  % C density  p*r  PIRC  ( 1 ?00  Cl 


Fig.  7 IN  UK) .»  O.OOfi  \ C demtM  par  PIRC  1 1 POO  Cl 


II  aemble  done  que  ie  choix  d*une 
poudre  d'alliage,  pour  me  a;olication  lonnee, 
doit  it re  faitc  en  fonction  Je  la  methods  le 
lensi  ficat  ion  utilisc-e,  part  iculi  Bremen  t Ians  le 
cas  ol  apparait  une  segregat ion  Jen  carbures  1 
la  peripherie  des  particules.  Ln  effet,  ;i  le 
filage  en  augmentant  la  surface  Je  chaque  ffrain 
de  poudre  par  etirement  Jans  -me  iirection, 
detrait  ce  film  presque  continu  de  carbures,  les 
isole  et  supprime  leur  action  fragil isante,  il 
n*en  est  pas  de  menu*  du  pressage  isostatique. 

Il  apparatt  evident  que  1 * 111  10.)  a teneur  en 
carbone  normale  n'est  absolunent  r>as  adapt c t 
une  metnode  Je  compaction  ne  provoquant  que  Jes 
deformations  limitees. 
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Lr.  ce  qui  concerne  la  me  thole  de 
• r . , ra  . par  alia*  1 av  le 
diamctre  des  pieces  compact. C-ea  depend  cssen- 
tieilement  Je  la  force  disponible  sur  les 

■ . i kga  • A tit  ra  i 'axamj  - e , • *;••• 

press  ion  de  1 30  J Ml’a,  une  force  <ie  000 
tenner  sera  necessaire  pour  un  diametre  de 
.’>0  tj r.  tandis  que  pour  700  mm  il  faudra 
atteindre  000  tonnc3.  L'utilisation  les 
presses  de  filage  ent  neanmoins  tres  utile  u 
de  fins  exper imentales  ou  pour  leo  pieces  de 
petit  diamotre.  On  peut  penser  malgrc  tout  .1 
adapter  un  outillage  permettant  la  realisation 
de  pieces  de  grandes  dimensions  sur  dcs  presses 
de  forgeage3  industriel.  La  realisation  de 
preforrr.es  limitont  l'usinage  oerait  parfai- 
tenant  envi saleable . Un  essai  dans  ce  sens  a 
etc  effectue  sur  de  L'IN  100  1 bas  carbone  1 la 
temperature  ie  1 150°C  et  sous  une  press  ion 
maximum  de  ' 300  :*J!a.  La  figure  8 montre  l'ecnan- 
tillon  avant  et  apres  compaction. 


f <9  8 t nempif  ttr  ■ ompat  tage  par  PI  PC  u/r  dr  l'IN  100 
tv  arbont  <1  150  C.  I mn.  1 300  MPa! 


-i,\\  i f i c at  ion  par  com;  re---,  i ^n 

W. . a.  »•  ; .*• 

Ce  procede  se  rapproche  Jen  me th odes 
.asjiques  utilisee-i  pour  la  compaction  u chaud 
. ; . idres  m>’  taliiques.  La  poudre  d' alii  age  est 

vr.-tc  is  vide  er.tre  une  mat  rice  et  un 
. -ton  en  gra:  .ite  protc>*<*-«  La  temperature  est 
j'env.rcn  1 . ' : t i*t  presaion  qui  eat  liir.itee 

ir  . -i  r<  . *.»u*ce  iu  gra  . *te  est  d* environ 
. . 

* ir*'  i* 

• . . " , 

- • . \ • ~ “ -a:;:  v a . 

al  ' ii..  i i ..  - 


Lea  ail i ages  bruts  ie  dens i ficat ion 
• jent  Jen  propriety's  o&caniques  qui  ne 
repre sen tent  paa  la  valeur  intrinseque  du  ma- 
’•'riau.  e Jernier  est,  la  plupart  iu  tempr* , 

; ina  un  tat  hors  J'equilibre,  tant  mr  le  plan 
1»*  la  wr iatall i sat  ion  qu'eri  ce  qui  concerne  lea 
phases  dure iaaon tea  ( et  carburea).  Le 
•uir.tien  prolong*  i une  temperature  parfois 

f •»  e • . . ■ . • ■ ■ ' > ' , 

en  parti cuiier  Jana  le  cas  d'essais  de  longue 
Jur*e  comae  le  fluage  n'en  expriment  pan  reel- 


lement  les  proprietes.  'tai'i  ils  perraettent  de 
le  situer  et  en  parti cuiier  ie  juger  rapi dement 
de  sa  qualitc  sur  le  plan  de  la  compaction.  Je 
plus,  ils  temoignent  d * un  etat  du  material  et 
peuvent  servir  de  reference  pour  1* etude  Je 
traitements  thermiques  ou  thermo-r.ecaniques. 
Neanmoins,  nouu  n'en  ferons  pas  etat  ici  et  le3 
resultats  qui  seront  presents  porteront 
toujours  sur  des  materiaux  traites  apres  iensi- 
f ication. 

L'utilisation  de  poudres  prealliees 
conduisant  a des  materiaux  plus  homogenes  avait 
fait  esperer  obtenir  dea  alliages  plus  fiables 
dont  les  applications  a 'etendraient  dans  tout 
le  domaine  des  temperatures  d'emploi,  y corapris 
les  hautes  temperatures  (cas  de  1 * Hi  100  par 
exemple).  A la  luraicre  de  l'experience  acquise, 
les  applications  a haute  temperature  ne  sentient 
pouvoir  etre  envisageea  qu'a  plus  long  terra* , 
principalement  a cause  des  difficultes  rencon- 
trees  dans  l'obtention  d'une  taille  de  grain 
compatible  avec  une  bonne  resistance  au  fluage. 
Neanmoins,  il  est  interessant  de  connaitre  les 
proprietes  dans  ce  domaine  de  temperature  et  en 
particulier  de  voir  1* influence  de  certains 
traitements  thermiques  sur  la  structure  de 
l'alliage  en  fonction  de  certains  parametres 
(origine  de3  poudres,  nodes  de  compaction)  et 
leur  incidence  sur  les  proprietes  recherchees . 

Il  re3te  que  1 ' appl ication  la  plus  immediate 
des  superalliages  densifies  a partir  de  poudre 
concerne  1 ' elaboration  de  disques  ie  turbine  ou 
de  corapresseur  presentant  une  resistance  ame- 
lioree  u la  fatigue  oligocyclique  a des  tempe- 
ratures comprises  entre  550  et  650  °C. 

Les  traitements  thermiques  appliques 
i l'alliage  denaifie  sont  conditionnes  par  le 
domaine  de  temperature  de  1 'application  envi- 
aagee.  Si  l'on  vise  des  temperatures  elevees,  ie 
critere  essentiel  est  une  bonne  resistance  au 
fluage  et  l'alliage  devra  posseder  un  grain 
metallurgique  as9ez  gros.  Par  contre,  pour  une 
application  u temperature  moderee  (disques^, 
c'e3t  la  resistance  I la  fatigue  oligocyclique 
dont  on  tiendra  compte.  L'alliage  devra  alors 
presenter  un  grain  fin  et  une  limite  elastique 
aussi  elevee  que  possible.  D'une  fag on  gene rale, 
les  traitements  thermiques  qui  ont  ete  appliques 
en  premier  correspondai ent  i ceux  utilises  sur 
l'alliage  coule  et  visaient  souvent  a une 
application  haute  temperature.  Les  proprietes 
mecaniques  mesurees,  y compris  la  resistance  a 
la  fatigue  oligocyclique  peuvent  alors  servir 
de  reference  pour  des  essais  d' amelioration  de 
cea  proprietes  par  des  traitements  thermiques 
adapt es  aux  conditions  d'utilisation  (disques  a 
temperature  moderee  par  exemple).  Lea  result at a 
presentes  ici,  qui  ont  surtout  porte  sur  1 ' IN 
100  et  l'Astroloy,  ne  representent  que  l'etat 
actuel  dea  etudes  dans  ce  domaine. 

1°)  Jaa  le  l'IN  Mj  - 

Dans  Ie  caa  ie  l'IN  100,  la  tempera- 
ture retenue  pour  le  traitement  de  grossissement 
du  grain  dans  1' opt i que  d'une  bonne  resistance 
au  fluage  est  de  1 220°C  (temperature  maximale 
autoriaee  par  ie  materiau,  e'est-a-dire  n'en- 
trafnant  pas  d'apparition  locale  de  phase 
liquide).  Des  observations  effectueea  sur  les 
materiaux  traites,  on  peut  deduire  que  : 

- cea  alliages  etudies  ont  une  structure  entid- 
rement  recri stall l see  avec  une  taille  de  grain 
de  50  microns  environ,  independante  de  la  teneur 
en  carbone  de  l'alliage. 

- la  teneur  en  carbone  exerce  une  influence  sur 
la  structure  en  particulier  dans  le  can  du 
materiau  file.  Alors  que  l'alliage  A bas  carbone 
possOde  une  structure  isotrope  ii  grains  equiaxes 
(fig.  9),  le  materiau  a teneur  en  carbone 
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normale  conserve  ie  souvenir  di  node  de  densi- 
fi cat  ion  employe,  Jans  le  sens  lu  filage,  les 
joints  de  grains  eont  lineaires,  iecores  ie 
carbures  et  correspondent  souvcnt  aux  sir  faces 
Jes  anciennes  particules  de  poudre  (fig,  1)).  '.aj 
franc?. iasement  ie  ces  iinites  par  les  joints  eat 
asses  rare. 


Fig  9 IN  100  A 0 006  % C.  filt  puis  traite  A 1 22Ct  C 74  h 


- la  structure  ics  alii  ages  ,1  ban  carbone  est 
pratiquement  indepen dante  du  mode  de  densifica- 
tion  utilise.  Jes  precipit6s  ie  phase  ^ de 
plusieurn  microns  se  retrouvent  comne  Ians 

1 * e tut  brut  de  dens ificat ion. 

- les  alii  age  a el  aborts  .1  partir  de  poudre 
atomisee  a argon  presentent  apres  traitement 
de  porosites  de  pluaieurs  dizainea  de  microns 
qui  n'exiatent  pas  aur  le  materiau  brut  de  den- 
si  f i cat  ion  (fig.  y),  Ce  phenoin*  ne  eat  'i  relier 

\ la  presence  de  cavitea  observeea  sur  la  poudre 
et  vrai aemblabieraent  remplies  1* argon.  La 
temperature  d partir  de  laqueile  dies  appa- 
raisuent  ae  situe  autour  de  1 100°C.  Cette 
ierniere  const i tuerait  la  temperature  limite  u 
*aquelle  pourraient  etre  effectues  les  traite- 
ment3  thermiques  visant  une  application  d moyenne 
temperature  et  une  amelioration  de  la  resistance 
. la  fatigue  ol igocyclique,  car  la  presence  de 
cavites  serait  leTavorable  par  creation  locale 
le  zones  d forte  concentration  de  contrainte*. 


metric  de  la  poudre  utilisee  pour  la  dens  if i- 
cation.  Lea  figures  11  et  12  relatives  a de 
1 ' IN  100  i teneur  en  carbone  normale,  file  puis 
traite,  temoignent  ie  la  difference  ie  tailie  du 
grain  metallurgique  pour  des  fractions  d*'in  memo 
lot  ie  poudre  cvyant  respect ivement  comrae  gramlo* 
metric  : inferieur  d 100  ^im  et  auperieur  d 
250  ^zm. 


Fig.  11  IN  100  AO, 18%  C.  filt  puis  trait*  a 1 220  C 24  h 
fO  particules  < 100  pm I 


f ig  17  IN  100  A 0.18  % C.  file  puis  traite  A 1 220  C 24  h 
(4>  particules  ■ 250  pm  I 

- le  traitement  thermique  fait  disparaitre  le 
comportement  auperplastique  d .haute  temperature 
(cas  des  alliagea  files). 

Le  traitement  thermique  qui  a etc 
adopt e en  vue  d'araeliorer  lea  proprietea  raeca- 
riiques  d haute  temperature  et  essentiellement  la 
resistance  au  fluage  est  le  suivunt  : 

1 220°C  jUh  ♦ 1 080°C  8h  ♦ 850°C  L>l.h. 

La  comparaison  ilea  proprietea  mecani- 
quea  d'un  alii  age  IN  100  file  a teneur  en 
carbone  normale  avec  celle  d'un  IN  1 00  u bas 
carbone  conduit  aux  remarquea  suivantea  : 


- it  tailie  iu  grain  eot  reliee  u la  granul  >- 


- la  teneur  en  carbone  ne  aerable  pas  exercer 
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d' influence  tres  sensible  sur  In  resistance  1 
rupture  et  la  liraite  elastique  par  traction 
(fig.  13). 

- a basse  et  noyenne  temperature,  1 ' ailongenent 
a la  rupture  par  traction  eat  notab  lenient  supt— 
rieur  pour  1* alii  age  peu  charge  en  Carbone.  Au 
contraire,  il  est  plus  faible  pour  lea  tempera- 
tures au-delu  de  7 50°C  mais  toujours  super  eur  a 
celui  de  1* alii  age  cuule. 

- la  resistance  au  fluage  de  1' alii  age  1 has 
carbone  reste  infcrieure  1 toute  temperature  u 
cexle  de  I'alliage  plus  charge.  La  difference 
e3t  surtout  sensible  pour  des  temperatures  infe- 
rieures  a o50°C  et  supeneures  a 85f)°C  (fig.  1*0. 
Les  allongenents  a rupture  restent  tres  compa- 
rables. L'alliagc  coult  a uea  propriety#  supe- 
rieures  en  flauge  au-dci a de  700°C  environ. 

La  comparaison  des  proprietes  mecani- 
q^es  d'alliages  de  meme  composition  raais  Jer.si- 
fies  par  des  moyens  different!  (f ilage,  I ICC, 
i IRC)  pais  traites  n'a  et£  effectuee  que  pour 
I'IN  1J0  a bas  carbone  (fig.  15).  La  limite 
^^astiqie  est  sensiblement  la  meme  quel  que  soit 


le  mode  de  densi f icat ion  utilise.  Tout  se  passe 
corane  si  le  traitement  themique  effagait 
l'histoire  anterieure  d<*  1' all;  age.  Ceci  est  a 
rapprocher  du  fait  que  . struct  ire  a »*te  trouvee 
identique  pour  les  ailing/*  . -i3  carbone. 

L'allongement  a rupture  ■;. . rest»*  toujours  supe- 
rieur  H 20  X pour  les  v*  V* rat  ires  inferieures 
ii  700°C,  perraet  de  cla r.ser  le:  alliages  en 
fonction  de  leur  ductilite  decroissante  dans 
l'ordre  suivant  : alii age  file,  PICC,  PIRC. 

Jes  essais  de  fatigue  oligocyclique 
ont  ete  effectuea  1 55()°C  nur  1'1‘i  IX)  Las 
carbone  dens  if le-traite.  Le  sem-na  des 
eprouvettes  utilisee3  amsi  que  la  forme  lu  cycle 
sont  presentes  sur  la  figure  l6.  La  ta;lie 
reduite  des  eprouvette3  conduit  1 un  effet 
d'echelle  raais  pernet  neanmoins  des  mesures  com- 
paratives, les  niveaux  le  contraintes  ne  ievai.t 
pas  etre  pris  en  valeur  absolue.  La  figure  17 
presente  les  res ultat s pour  le*-,  sequences  iu 
tr  itemer.t  utilise  price  lemment . La  figure  1? 
compare  les  resultats  obtenua  pour  ieux  mole  le 
densi  ficat ion  : fiiag**  »*t  nr«*snage  isostat.que 
conventi  mnei  1 chaud.  )n  voit  que  le  stater. au 
densifi**  par  filage  presente  uie  resistance 
super leure  '»  celui  compact^  par  I’ICC. 


I av  {MPt  ) CN  mioo  ctrbon,  wm./  f,n  trme  (C.  0.  IS%)  *4% 


Fig  13  Influence  de  I a teneur  en  carbone  sur  la  limite  elastique  et  l'allongement 
4 rupture  de  I'lN  100  hit  traite 


\orrtAMPt)  *4% 

C IU  100  coule  C.  0.1  O’/. 


Fig  14  Influence  de  la  teneur  en  carbone  sur  la  resistance  et  l'allongement 
4 la  rupture  par  fluage  pour  I’lN  100  file- traite 


a0.:‘'MP,]  . IN)00  (qooeV.C)  hi,  trtite 


PlCCU?00°C)  trait t 
PIRC  [1200  ’C ) 

traitement  therm tque,1 2 20^24h 


Fig  15  Influence  du  mode  de  densification  sur  la  hmita  elastique  et  l’allongement  4 la  rupture 
pour  riN  100  traite 
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Influence  des  sequent  es  des  traitements  thermques 
sur  la  resistance  A la  fatigue  oligocyclique  de  I'IN  100 
A 0.006  % C file 
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f g 16  Eprouvette  et  cycle  utilises  pour  les  essais  de  fatigue 
ohgo<  y clique 


nb  de  cycles 
a rupture 


T-.  550'C 
0=  800 MPa 
1 c/  mn 


5000- 1 


traitement 

therrwque 

1220°C  24h+1080°C  8h 
850°C  24h 


Fig  19  Astroloy  A 0.06  % C tile  puts  traite  1 180  C 24  h 


Influence  du  mode  de  compaction  sur  la  resistance  A la  fatigue 
n<  go<y clique  da  I’IN  100  A 0.006  % C traite 


traitement  therm/tjue 

Astroloy  code  forge  1lQ0*Cth*10d(fCth-*3t0  C 24M/60  C I6h 
fife  1160X24 h * 1030°C  th*6tO°C  24 h+/6(fC  16 h 
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CviiifMraison  tie  la  limite  olastique  et  de  I'allongement  A rupture  pour  deux  alhjges 
Astrotoy  traites  iun  obtenu  par  metallurgy  classique  I'autre  par  metallurgy  des 
fumdres  Ullage I 
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Fig  21  Influence  des  tra dements  thermiques  sur  les  prnpridtAs  en  fluage  de 
I'Astroloy  A 0.06  % C hit 


2°  ' .'as  de  1 ' As  t roioy  - 

L* etude  a etc  raenee  sur  de  I'Astroloy 
ie  c imposition  normal e (0V06  %)  qui  a £t$ 
compact 6 par  filage  a chaud  et  sur  le  I'Astroloy 
1 bas  carbone  (0,03  *)  dens i fie  par  PICC. 

a ) Astroloy  de  composition  normale 

Le  traitement  de  grossissenent  du 
grain  est  effect ue  a 1 l80°C.  L'alliage  est 
entitlement  recristall ' se  avec  une  taille  de 
grain  d 'environ  microns,  comme  celle  obtenue 
sur  1'I.W  100.  Par  contre,  les  joints  de  grains 
franchi ssent  aise.ment  les  limites  les  anciennes 
particules  de  poudre.  La  structure  est  \ grains 
sensiblemer.t  equiaxes  et  les  nrecipites  de 
irbure  tl  fig*  1 . n note 

l'a  «ence  do  pr«*cipite  gr-issiers  ie  >'  . 

onme  pour  l'l.I  1)  ulabor-’-  T partir 
ue  poudre  atomi  *•  . 1 'argon,  on  remarque  la 
presence  le  cavites  d'une  taille  atteignant 
plus i ears  dizaines  de  microns.  Deux  traitements 
thermiques  complets  ont  ete  essayes  : 

Traitement  n°  1 *. 

fh  ♦ 1 • ♦ . • . * 

Traitement  n°  2 : 

t 1dO°C2Uh  ♦ 870°C8h  ♦ 98  ♦ ♦ 

et  conduisent  d des  proprictea  mcc an iques  en 
traction  tr*-s  voisines.  La  figure  J est  rela- 
tive i \in  alii  age  Astroloy  file  et  a on  alii  age 
coale  forge  ayant  aubi  le  n$ne  traitement 
thermique  n°  1.  Le  mat*  riau  file-traite  present© 
une  limite  elaatique  superieure  1 celle  de 
1' alii  age  coale  Ians  tout  le  domaine  de  tempera- 
ture, bien  qu'au-dela  le  >00°C  lea  leux  mate- 
ria ox  ae  situent  pratiquement  aur  win  plan 
d'egalite*  Les  allongementn  » rupture  aont 
sensinlement  identiques  juaqu'd  700°C.  Hour  les 
temperatures  plus  elev* es,  l'alliage  COule 
devient  netterr.ent  plus  luctile  que  l'alliage 
file. 

Les  cssais  de  fluage  effe«:tues  u 5J0°C 
sous  1 250  ‘0  a et  d 7'«#0°C  souj  $20  'Q'a  (fig. 21) 
oontrent  que  ie  traitement  n°  1 conduit  d les 
temps  de  rupture  doubles  le  ceux  obtenus  avec  le 
traitement  n°  2. 


b ) Astrolov_ }_ba3_cttrbone 

La  figure  22  nontre  pour  I'Astroloy 
bas  carbone  (0,03  *?)  , brut  de  compaction  par 
PICC , 1 1 influence  ie  trois  traitenents  then  L- 
ques  sur  ler.  caracteri  st iques  le  traction  1 
20  et  650°C , le  temps  de  rupture  en  fluagc 
650°C  et  la  propagation  des  criques  (eprou- 
vette  AL'i'M). 

- 1 rai tement  u°  : 

La  temperature  ie  mise  cn  solution 
erst  infcrieure  d celle  i©  la  mise  en  solution 
complete  de  y'  (1  135°C). 

Les  traitements  ie  revenu  3ont  iu 
type  dit  "YO-YO"  parcc  que  le3  leux  revenus 
usuels  T temperature  decroissante  sont  d chaque 
fois  suivis  i'un  nouveau  raaintien  '1  une  tempe- 
rature superieure. 

Le  but  de  ce  traitement  compliqu©  est 
de  precipiter  et  ie  coalescer  les  carbures  et 
egalement  de  regler  la  morphologic  de  la  phase 

X'  * 

- Trai  te:-.«*nt  u°  . 

'feme  temperature  de  mise  en  solution 
que  precedemment , mais  revenu  classique  u deux 
temperatures  decroissantea . 

- Irai tcrent  n°  J 

La  temperature  de  mise  en  solution 
est  superieure  a celle  de  la  mise  en  solution 
de  ), ’ . 

Le3  traitements  de  revenu  sont  le3 
memes  qu'en  1. 

Le  traitement  n°  2 qui  donne  de  fins 
precipites  eon fere  les  meilleures  caracteris- 
t iques  de  limite  elastique,  de  fluage  et  de 
resistance  u la  propagation  des  criques.  La 
ductilite  en  fluage  n'a  pas  pu  etre  appreciee, 
puisque  l'cprouvette  n'a  pas  ronpu. 

Les  revenus  du  traitement  n°  1 , dont 
on  ne  pcr«;oit  pas  ici  l'avantage,  ont  etc  con g us 
initialement  pour  une  temperature  de  fonction- 
nement  plus  e levee  que  t)50°C. 

Le  traitement  n°  3 qui  est  le  traite- 
ment n°  1 avec  une  miso  en  solution  complete  de 
la  phase  donne  une  limite  elastique  et  une 
resistance  \ la  propagation  des  criques,  plus 
faibles,  mais  ie  fluage  est  augment^  ainsi  que 
la  ductilite  a rupture. 

Kn  conclusion,  les  caracterist iques 
des  products  compactes  sont  tres  dependants  des 
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traite-aents  thermiquea  qui  ioivent  i»tr«  svlecti  ;r. - 
m-':;  en  fonction  dea  conditions  d'enploi. 
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Caracteristiques  de 
fluage  rupture 
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Propagation  des  criques 
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a rupture 


f ig  22  Influent  e <ie\  traitemants  thermiques  sur  les  propnttes  metaruques  de  I'Astroloy  has  tjrbone 
demifie  par  P/CC 


Traitement  1 t YO  YO» 


T 

1100  C 

4 h hwle 

R1 

180  ( 

8 h air 

R2 

980 C 

4 h air 

R3 

650  C 24  h an 

R4 

760°  C 

8 h air 

Traitement  2 

T 1100' C 4 h ftuile 

R1  850°  C 24  hair 

R2  7&fC  16  h air 


Traitement  3 


T 

1 160'  C 

4 h air 

R1 

880  ( 

8 h air 

R2 

980  C 

4 h air 

R3 

650  C 24  hair 

R4 

760“  C 

8 h air 

: - a a . . :a:  a *;■  can:.;-?-  • 

. : :r  la.i'jrry.'i.Lr  - 

.Asti  figure s ..'j  *t  ?.U  montrent  lea 
.-aractt'ri  sti  ques  i»*  resistance  a la  traction  a 
. ’ v . i nt  • et  i • ' >°C,  respectivement  pour  le 
*?!*•  * et  I’Astroloy  has  carbone. 

Le  produiti  examines  sont  li  sponiMei 

1 i - 

tr  is  techniques  le  compaction  : 


>espaction  P.I.C.C*  > ■•ass**  press  ion  - '< 
bar  i * i *, 'a  itoclav»*.  Lop ins  ie  t60  ram  !*• 
■4  i an«' t re . 


.1°)  Lx ti  us  ion 

Liamotre  110  ram  pour  le  Pent*  95 
DiamtKre  160  ram  po ur  I’Astroloy. 

3°)  Compaction  on iaxi ale 
laiette  de  60  mm. 

M&lgre  la  diversity  des  rauthodes  de 
compaction  et  d’origine  des  poudres,  on  consta- 
te en  premier  exanen  que  les  caracteristiques 
sont  peu  differentefl  entre  dies  et  sat  is  font 
au  rair i 1a  lea  norraes  des  raat<riaux  fargt's. 

Un  exomen  plus  detaille  raontre  Ians 
le  caa  du  Rene  95  que  le  produit  extrude  qui  a 
une  structure  1 grain  tres  fin  - 13  ASTM  - 
possede  les  meilleures  linite  elastique  et 
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resistance  1 la  traction  ; le  produit  compacte 
uniaxi aleraent  vient  en  second. 

Pour  l'Astroloy,  le  produit  extrude 
aural t encore  'i  1* anl  i ante  un  lcger  avontage, 
mais  .*  1 *>0°C  il  eat  inf^rieur  au  produit  brut 
de  compaction. 

e*  trade 


extrude 


650*C 


La  determination  des  cara  • terist iques 
de  fatigue  lente  et  de  propagation  les  eriquen 
oerait  nece3saire  pour  differencier  cventuel- 
lernent  la  qualite  de  ces  trois  types  de 
produi ts. 
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F>g  23  Carat  tenstiques  en  'ractmn  pour  different s modes  de  densificstion  pour 
du  Ren4  95 

Traitement  thermique  Free  haul  f.tge  900  C 4 h 

109 0 C 1 h huile 
760  C 16  hair 


, tnU  o. - QAMPa) 

1 500^  R 02  n „„ 
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30  » 


f y/.  /•/. 

Fig  24  Carac  tenstiques  en  traction  pour  different s modes  de  densification 
pour  de  l'Astroloy  has  Carbone 
Traitement  thermique  1 100  C 4 h huile 
850  C 8 h e>r 
980  C 4 h a>r 
650  C 24  h air 
760cC  8 hair 
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fig.  25  Influence  d'une  operation  de  torgeage  \ur  le  s pro  prates 

nukanique s d'alhage  Astroloy  has  carhorw  dens  die  par  PICC 
Traitemei.t  thermique  1 100“ C 4 h huile 
850C  8 hair 
980  C 4 hair 
650“  C 24  h air 
760C  8 hair 
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Le  r >rgeoge  nolifie  les  structures  et 
antliore  en  gen6ral  les  caracteristiques  mi- ca- 
ll i q ue  s . 

La  figure  2'j  raontre  les  caracteris- 

trncl  ir  *Astr  i 

, 

compaction  et  le  neme  proluit  forge  avec  les 
' . • 
or.  effet  typique  ie  in  structure. 

' 

est  1 re  t a et 

anclioree. 

Cet  essai  dcnontre  Ians  le  cas  le 
l*A3troloy,  et  pour  un  type  it*  structure  conna- 
rable,  : .e  le  rater iau  rut  le  compaction  a une 

• • if  rg  . 

vil  - - 

L’influence  I'm  certain  nombre  le 
paranetres  ie  mise  en  oeuvre  determinant  les 
structures  et  les  proprieties  necaniques  les 
su;  eralliages  ^ labor© a 1 partir  le  poudres 
pr-  alliees  a 6tC  cvaluee  tant  au  laboratoire 
3ur  de  1*1.1  100  et  le  i’Astroloy  que  aur  un 
plan  plus  iniustriei  sir  lu  Hen©  95  et  de 
l'Astroloy  bas  carbone. 


Au  niveau  le  1 *©  labor  at  ion  ler.  poudrer# 
le  procSle  utilise  (electrode  tournante  ou  ato- 
misation 1 1 'argon)  en  intervenor.t  aur  la  granu- 
lometric et  la  listribution  des  car:  ires  peut 
influencer  Ler  structures  *»t  par  consequent  les 
propriety  ■ mocuniques  ies  alii  ages  lensifies. 

La  method©  de  densi ficat ion  en  provo- 
midirect 

nelle  ies  grains  Jc  poudre  (cas  iu  fiioge),  soit 
au  contra ire  une  le format  ion  liniv'e  (cas  lu 
pressage  isostatique  convent ionnel  o i rapile  et 
le  la  compression  uniaxial©)  peut  modifier  com- 
pietement  la  structure  ie3  alliages  apr©3  trai- 
tenent  thermique.  Ln  part iculier , 1 * utilisation 
1* alii age s a teneur  en  carbone  relativenent 
elevee  e3t  proscrite  dans  le  cas  os  a^paraissent 
des  phenonenes  ie  segregation  ie  carbures  a la 
irface  des  part  - , 

It*  iensi  ficat  ion  n'introiuit  par.  une  forte 
deformation  detruisant  ces  films  fragil : rants. 

Les  caracteristiques  iu  material!  brut 
ie  compaction  peuvent  etre  profonde.mont  nod  if ices 
par  traitement  therr.ique  et  celui-ci  doit  etr» 
adapt e 1 1 * application  envisagee. 

luant  au  forgeage , qui  const itue  1 ' ope- 
ration  ultirae  le  mise  ©n  oeuvre,  il  modifie  les 
structures  et  peut  arceliorer  les  caracteristiques 
mecaniques . 
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SUMMARY 

Factors  which  Influence  the  control  of  grain  structure  luring  tv  ' Isostatic 
pressing  of  nickel-base  superalloy  powders  are  examined.  The  y ' preclpltati 
used  to  control  grain  structure  below  the  y’  solvus,  while  carbide  pf<  ;lj  It  it  Ion 
grain  and  particle  boundaries  controls  the  structure  at  higher  tempet  it urea.  Carbon 

r s 1 1 1 1 ' boundar  . w | 

bet  • lzat Ion  during  hot  lepend  t ture,  si  in,  st 

rate  and  Initial  grain  structure  of  the  compact.  The  effects  of  these  forging  variables 
n final  microstructure  are  examined. 


INTRODUCTION 

Powder  metallurgy  processing  f nickel-base  superalloys  has  been  actively 
' . . . iraged  nisi  t technics  md  < 

benefits,  experience  has  shown  that  powder  metallurgy  superalloys  are  a generically 
ilscrete  class  of  materials  that  not  only  present  special  opportunities  but  also  unique 
pr  blems.  It  has  been  necessary  to  establish  effective  and  economical  ways  of  consol- 
idating superalloy  powders  and  to  determine  ways  of  controlling  their  microstructures 
and  mechanical  properties. 

This  paper  examines  means  by  which  grain  sizes  and  grain  structures  can  be 
•strolled  In  superalloy  compacts  and  the  Influence  of  these  on  mechanical  properties. 

ntr  luring  hot  tatl 

powder  type,  wder  chemistry,  pressing  conditions  and 
treatment.  Consolidation  by  hot  lsostatic  pressing  was  chosen  because  of  Its  pote:.' I 
In  press  to  shape  applications  for  parts  or  preforms . The  second  section  examines 
factors  that  influence  the  choice  of  hot  working  conditions  for  superalloy  preforms 
way  that  flow  harac t e i t , woi  I 

Influenced  by  the  Initial  grain  structure  of  the  preform. 
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The  conditions  of  temperature,  time  and  pressure  selected  f r h t '3  star  '. 
i resslng  should  be  such  that  full  denslflcatlon  and  lnterpartlcle  bonding  ■:  ••  -nleved. 
These  require  that  the  applied  pressure  Is  In  excess  of  the  flow  stress  of  tht  powder 
at  the  pressing  temperature,  and  that  the  temperature  Is  sufficient  • t . w 11 ff  .si  • 
bonding  to  occur  between  particles.  There-  conditions  define  broad  tempera! 
within  which  considerable  variations  In  . Icrostructure  can  be  achieved. 

«ntr  below  the  y'  30lvus 

Al,  Tl)  precipitate  can  be  used  to  Impede  recryatal 
grain  growth  so  that  the  grain  structure  of  the  compact  Is  essentially  that  of  the 
rlglnal  atomized  powder.  Thus  the  grain  size  of  the  compact  can  be  controlled  by  the 
appropriate  choice  of  powder  size  and  type.  Figure  .a  shows  a typical  ml  rostr . • ure 
from  a - 4 A mesh  AA*  713LC  compact  pressed  below  the  y*  solvus.  The  structure  Is 
uniform  and  shows  overaged  y'.  The  grain  structure  can  be  revealed  using  a partial  y' 
solution  treatment  plus  age  to  precipitate  ' :■  , Pig.  . 

range  7-20  um,  and  a prior  powder  particle  boundary  can  he  seen.  By  comparison.  Fig.  1 ■ 
shows  the  structure  of  a low  carbon  Mar  M200  compact  als  pressed  below  the  y'  solvus. 
The  particle  size  was  90*  less  than  120  mesh  and  pred  mlnantly  (7r>*)  less  than  170 
mesh.  The  Inherent  grain  size  of  the  powder  is  now  much  finer  and  Is  retained  durln,- 
presslng  to  give  grain  sizes  In  the  range  2-8  um  In  the  compact  Prior  particle 
boundaries  are  less  evident  In  this  low  carbon,  high  tungsten  alloy,  although  these 
boundaries  can  be  located. 

Fine  grained  compacts  of  this  type  usually  produce  high  yield  and  tensile 
strengths,  an^  high  tensile  and  stress  rupture  ductilities  at  low  and  Intermediate 
temperatures.  * 


Now  with  Wilkins  <ri  Match  Research  Division,  .‘Uough  England,  formerly  with  Dept,  of  Physics, 
University  of  Warwick,  England. 

AA , HE  and  VA  refer  to  argon  atomized,  rotating  electrode  and  vacuum  (hydrogen) 
atomized  powder  respectively. 
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• • : !.•  i*  j_!  ’• ' ■ 

ir.-tltt  r,:  r . • .re:  ther  than  those  of  the  as-at  >mlzed  powders  can  be  obtained 

elthei  f pri  t ti  tii  ibove  the  y’ rhe  extent  f recrystallization 

and  grain  growth  depends  n tin-  tnd  temperature  if  pressing  and  on  the  extent  of  carbide 
1 1 01  ■■■  1 ■ : mdar  1<  . itter  ri  t lot  tr< 

lent  n rbor  ri  fr  1 ry  meta  ntent  f the  alloy,  as 

discussed  later. 

lei  tructuri  f a -(  if  A,  r13LC  compact,  similar  to 

et<  • ' . it  Ion  treatment . mat  rla  li  fully 

rystalllsel  * a coarse  grained  (12  - 15O  pm)  structure  and  segments  of  pvtor  particle 
Mlthli  ■ ■ ■ . When  t 1 fractui  II  I 

a’  room  temperature  the  fracture  Is  macroscopically  brittle  and  the  fracture  sum  ace 

. lary  facets,  1 g . b.  ■ fin<  letalli  n these  1 * 

• 1 . llmples  nu  eated  at  econd  phase  particles.  Pig. 

rlgl  ti  la  e.g.  1 g . la  : r 1 . - 1 pi  I Inantly  trans- 

ture.  hit  :■  1 ■ ■ ■ that  1 1 t rtl  l<  I nd  trengtl  I 1 , md  better 

■ • ■ • turi  strength  when  the  > ' ' irer  I ndltl  . Whet 

r'  Is  | resen*  .as  a more  effective  matrix  strengtherier  the  particle  boundaries  are  the  weak 
. Inks  In  the  structure.  It  also  demonstrates  that  recrystall lzatlon  1 lone  Is  not  suffl- 

lnat<  ; • particli  need  to  determine 

< • ■ t ability  ■ 'o.  I indarli  , nd  w . by  whl 

be  eliminated  or  controlled. 

■ f as-atomized  powders  (AA,  Hi-:  and  VA)  have  revealt  1 tl  I 

fine  films  .t  powder  surfaces.  These  can  be  extracted  chemically  or  elect  rolyt  1 cal  ly , and 
1 : ■ . r.  wo  ' ■ lg,  . iger  ; ' . . ■ ■ , btalned  from  1 

Inti  rj  irtlcle  fracture  facets  of  Fig.  2b  show  that  ltd  and  sulphur  are  the  ma  In  1 r . 

:st  It  la  Is  segregating  to  surface  boundaries.  In  contrast  Auger  spectra  obtained  from 
neighbouring  areas  show  carbon  but  no  sulphur.  Fig.  ^b.  Also  these  spectra  show  little 
r no  evidence  of  surface  contamination  by  atmospheric  Impurities  3ueh  as  oxygen  or 
nitrogen,  and  * herefore  the  vacuum  canning,  procedures  used  with  these  p w<lers  appear  to 
be  acceptably  good.  The  particle  surface  films  of  Fig.  1,  the  fine  precipitates  of 
Pig.  2c,  and  >riy  powder  boundary  pinning  associated  with  them  appear  to  be  related 
primarily  t the  Interstitials  C and  S,  rather  than  to  itmospherl  Impurities. 

In  alloys  such  as  IN-10Q,  very  heavy  carbide  films  are  observed  on  pow- 
der boundaries  after  pres:  Inc,'  • and  It  Is  clear  that  the  n;  o'  rlt.y  of  this 
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Pig.  2 Microstructures  of  -60  mesh 

: ■ : . . ■ 

plus  2 hrs . /I l80°C . The  3 true tun  li 

Liar  1 hat  f ig . la  after  pressing. 
Recry  stalllzat  lor.  and  grain  gr.  wth  Is 
. ' eat 

treatment.  This  sample  was  also  aged 
to  emphasize  the  grain  boundaries. 

(b  ) Int  erpurt  le  fracture  facets 
t e FI  g . 

treated  only),  and  (c)  fine  details 
on  the  particle  fracture  facet  marked 
In  (b). 


wd  ■ .rticle  surface  films 
extracted  chemically  from  a -35  mesh 
3LC  powder.  The  films  are  shown 
suspended  In  methanol. 


, . . b ne  t works  wth 

nd  promote  brittle  lnterpartlcle  fracture.  Extraction  and 
-a t oml  zed  i wdei  nd  t he  ir  mpac  t , Tal  i L , si  wi 

■n.  M'  a .t  . ••  i"  .id  : art-  n are  i •••  tlic-1  in  met  astable  solid  solution  In  the  powders 

It  Is  this  carbon  that  migrates 
.1  indarli  lurlni  pressing.  ( ' . 

■ l t a 1 1 oi  ■ m indarli  ■ not  lear . 

Th<  d<  ft*',  n f i.  wd.-r  t ui.  tar  ten  by  carbide  can  be  minimized  either  by 
. wer'ng  the  nd  -n  ait  en’  r by  increasing  the  refractory  metal  content  of  the 

all  y.  ••  • Figure  ‘a  Bh  w:.  \ l>  w -art  n IN- 100  compact  In  which  recrystall izat ion 

urr>-  I iirln,  | sing  ' , j , an  . julaxei  grain  structure  with  grain  sizes  In  ttie 
rang'  i-  In  . i . yr.  . ti  Mar  M20'  or  Mar  M?46  with  high  tungsten  or  tantalum 

r. tents,  art.  n : lgi  it.  I .n  t.  p wler  boundaries  is  minimal  and  carbides  precipitat  e more 
ml:  :r..y  in  gr  tin  !.  mli.-le.  •,  i grain  Inter  I >rs.  Figure  6a  show.:  a grain  size  of  20-100 

pi  1 : hour s at  1 i * , wit  1 
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Fig . A Auger  spectra  obtained  from  (a)  the  particle  fracture 
fa  et  shown  In  Fig.  2b  and  2c,  and  (b)  from  a neighbouring 
non-particle  area,  note  absence  f sulphur.  Samples  fractured 
under  vacuum.  Incident  beam  diameter  <20um. 


(a)  (b) 


1 true!  .res  of  IN-100  compacts,  (a)  carbon  content 
» -<  mesh  AA  powder,  pressed  ; hri  . L270*C,  : ■ MN  as  , in  I 
: • ■ ■ n ntenl  . I , -•  • I VA  powder  pressed  4 hrs.  ■ 

erat  o'"  was  at 

' ' : '■  es.  . a ' ' ■ : 

ndarj  : : rbldi 


I - havli  : ■ : i iont enl  t . . ■ , : , - . • : ] i a i ■ 

ned  undei  ndltloi  wltl  n irbon  Mar  powder, 

w I . ■ the  fi  ' • terlal  Phe  recrysl 

ind  wtl  lue  t the  at  nci  f y' 

limited  grain  boundary  pinning  by  carbides. 

’ r'  • sing  above  t he  soil  1 u t emperat  ure 

Extremely  coarse  grained  compacts  (200-800  un;  grain  diameter)  can  be  obtained 

Lldu  th<  . . . nder  tl  sonditlons,  nd 

Ir  the  presen  f a liquid  phase,  carbides  and  other  obstacles  are  taken  Into  solution 
’'id  rapid  grain  growth  .-cur:..  Unless  these  treatments  are  carried  out  under  pressure 

Iderable  1 , bot h to  t h<  tensat 

f entrapped  r absorbed  gases  and  to  the  Irreversible  plastic  expansion  of  solid  metal 


TABLE  1 


Minor  phase  contents  expressed  as  weight  t of  the  total 
alloy  digested  In  as-cast  stock,  as-atomlzed  powder  and 
HIP  compacts. 


Weight  i minor  phase  content 

Low  carbon 


AA  713LC 

RE  713LC 

VA  IN-100 

VA-IN-100 

As-cast 

0.55 

0.92 

0. 18 

Powder 

0.29 

0.32 

0.71 

0.03 

Compact 

0.83 

1 . 54 

0.23 

(a)  (b) 


Fig.  6 Microstructures  of  (a)  -120  mesh,  V A Mar  M2^6  with  O.lAJ 
carbon,  pressed  20  hrs./1304°C,  187  MN/m*  and  (b)  low  carbon  -120 
mesh  AA  Mar  M200  pressed  2 hrs./1250°C,  103  MN/m2. 


around  liquid  pools.  A typical  grain  structure  produced  in  this  way  from  -35  mesh,  RE 
713LC  powder  Is  shown  In  Fig.  7. 


Fig.  7 Coarse  grained  material  obtained 
from  -35  mesh  RE  713LC  powder,  pressed 
20  hrs . /1 30A°C , 187  MN/m2.  The  grain 
boundary  constituents  are  (Nb,Tl)C  and 
(Cr,Mo)23C6  carbides  and  (Tl,Zr)2SC 
sulphocarbldes . Refs.  8 and  9. 


While  Improved  high  temperature  stress-rupture  lifetimes  can  be  obtained  In 
these  compacts,  due  to  their  coarse  grain  sizes,  ductilities  at  all  temperatures  are  poor 
and  fractures  are  Invariably  Intergranular .( 8 ) Grain  boundary  embrittlement  Is  associ- 
ated with  the  segregation  of  carbon  and  sulphur  to  liquid  grain  boundary  pools.  During 
solidification  and  cooling  these  elements  form  MC  and  M, jC»  carbides  and  hexagonal  plates 
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of  MjSC  sulphocarb lde . ( 8 .9 ' Auger  spectra.  Fig.  8,  from  Intergranular  fracture  facets 
again  show  carbon,  or  carbon  and  sulphur  together  as  the  main  Interstitials,  and  little 
evidence  of  atmospheric  contaminants. 


Fig.  8 Auger  spectra  obtained  from  Intergranular  fracture  faces 
from  a sample  of  the  type  shown  In  Fig.  7,  (a)  from  a grain  face 
containing  mainly  (Cr,Mo)23C6  carbides,  and  (b)  from  a grain  face 
containing  a (Tl,Zr)2SC  sulphocarblde  plate.  Sample  fractured 
under  vacuum,  incident  beam  diameter  <20iim. 

Mechanical  properties  of  as-pressed  compacts 

A selection  of  mechanical  properties  from  some  of  the  compacts  examined  above 
Is  given  In  Table  2,  together  with  data  for  cast  713LC  and  wrought  Udimet  700.  10'  These 
data  are  presented  as  typical  blade  and  disc  alloy  properties  respectively,  but  ‘hey  do 
not  represent  the  best  available  materials  for  these  applications.  The  data  for  the 
compacts  are  from  as-pressed,  or  from  pressed  and  heat  treated  materials,  the  heat  treat- 
ments being  used  either  to  adjust  grain  size  or  to  develop  particular  precipitate 
strucf  ures . 

These  data  show  that  several  of  the  fine  grained  compacts  examined  pr  duce 
room  temperature  tensile  properties  better  than  those  of  cast  ,’13L('  and  similar  t those 
of  wrought  Udimet  700.  Similarly  at  Intermediate  temperatures,  stress  rupture  properties 
of  HIP  compacts  can  be  better  than  those  of  cast  713  LC . However,  they  usually  fall  to 
produce  the  combination  of  long  rupture  life  and  high  ductility  of  good  wrought  material. 
At  980°C,  fine  grained  compacts  yield  dramatically  short  rupture  lives,  and  the  longest 
rupture  life  obtained  In  a coarse  grained  compact  of  the  type  shown  In  Fig.  7 Is  illy 
about  half  that  of  cast  713LC. 

The  above  results  suggest  that  as-pre3sed  HIP  compacts  are  unlikely  to  compete 
mechanically  with  conventional  materials.  The  best  promise  for  HIP  compacts  appears  tc 
be  as  preforms  for  subsequent  thermo-mechanical  processing  where  further  plastic 
deformation  may  help  to  eliminate  surface  boundary  effects,  to  Improve  grain  size  contr  1 
and  to  develop  substructure  strengthening. 


MICROSTBUCTURAL  CONTROL  DURING  FORilINH 

Forging  after  pressing  can  be  used  to  further  the  shaping  process  and  also  to 
develop  a preferred  microstructure.  The  potential  of  the  two  stage,  press  plu3  forge 
approach  Is  Indicated  by  Fig.  9a,  which  shows  a disc  In  the  form  f the  high  compressor 
turbine  disc  of  the  1 WA-JT15D  engine.  The  disc  was  forged  In  a single  deformation  from 
a HIP  Astroloy  preform  and  finish  machined,  thus  saving  on  Intermediate  forging  steps 
and  allowing  the  shaping  of  a hitherto  d 1 f f lcul t-to-work  alloy.  The  development  and 
testing  of  this  disc  have  been  described  elsewhere,!  ‘ suffice  It  to  say  that  evidence 
of  poor  fracture  toughness  was  found  with  sudden  brittle  fracture  occurring  during  spln- 
rlg  testing.  Kxamlnatlons  revealed  zones  of  non-recryst al 1 ized  material  In  the  highly 
stressed  areas  adjacent  to  the  bore,  Fig.  9c,  and  brittle  cracks  were  found  to  have 
propagated  radially  iway  from  the  bore  along  powder  surface  boundaries  In  these  regions. 

This  example  demonstrates  that  attention  must  be  paid  to  the  forging  process  to 
ensure  that  the  preferred  microstructure  Is  obtained.  Data  are  therefore  required  on  the 
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pr >pertlee  from  some  as-pressed,  r pres 


Material  and 
Condition 

RT.  Tensile 

Stress  Rupture  Prop< 

•rt  les 

For  grain 
structure 

see 

Yield 

UTS 

Elong 

760®  C/586 

MN/m2 

980°  C/152  MN/m2 

Ig.  Ol 

MN/m2 

MH/m2 

* 

hrs . 

XE1 

hr.- . 

XE1 

As  cast  713LC 
machined  from  bar 

726 

880 

5.7 

36.8 

63.1 

5.0 

Wrought  Uiilmet 
700 

896 

1307 

12.5 

55-5 

. 

— 

— 

10 

713LC  HIP 
1200°C 

786 

1317 

. >. 

45.7* 

6.3 

0.1 

10.1 

la,  lb 

1 

As  above  plus  3 
stage  heat  treat 

931 

1296 

. 

59.5* 

2.9 

3.6 

1 

IN-100  HIP 

e 1200  c 

910 

1089 

7.1 

0. 1 

. 

<0.1+ 

3.0 

IN-100  HIP 
e 1270°C 

868 

1262 

0.7+ 

4.4 

5a 

As  above  plus  2 
stage  heat  treat 

1000 

1289 

2 . ’ + 

1 . 0 

Mar  M2 4 f HIP 

e i304°c 

745 

1069 

6.8 

5 . C 

2.6 

6a 

713LC  HIP 
8 1304°C 

728 

818 

4.8 

23.6 

1.7 

9.  3 

2.0 

7 

0 

As  above  plus  9 

915 

935 

4.2 

38.7 

2.0 

33.1 

1.0 

0 

stage  heat  treat 


Tested  at  530.9  MN/m2 
+Tested  at  200  MN/m2 


(a) 


(b 


Fig.  9 ( a ! A powder  fabricated  Asti-  1,  y 

disc  In  the  form  of  the  high  conif  ivssor’ 
turbine  dls  • of  the  r VIA  JT-15I  ei.rtr  • , 

(b)  showing  the  equlaxed  recryatal ilzed 
grain  structure  observed  In  the  rim  f the 
13  , and  ) noi  - rt- 

lculate  microstructure  observed  In  the 
ef.  , reprodu  1 bj 

of  the  Canadian  Metallurgical  Quarterly. 
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lnfl  ii':.'!'  nf  the  Important  forging  variables  of  temperature,  strain,  and  strain  rate 
n the  fl  w properties,  fracture,  and  recrystalllzatlon  behaviour  of  compacts.  Also 
since  the  grain  structure  of  the  Initial  preform  can  be  controlled  to  some  degree,  the 
Influence  of  this  on  the  forging  process  should  be  determined. 

'urrent  work  at  the  National  Aeronautical  Establishment  Is  concerned  with  these 
If' blems:  a 10,000  kg  MTF<  hydraulic  testing  machine  has  been  modified  for  high  temper- 

it  »re  ax'.  ■ (trie  compression  of  cylindrical  specimens.  Subscale  forging  blanks  ( 10  mm 
high  m be  processed  at  temperatures  up  to  1200°C  and  at  constant  true  strain  rates  In 
the  range  fr"m  10-5  to  10  s-1.  In  order  to  retain  the  hot  work  structures  for  metallo- 
graphlc  examination,  the  strained  specimen  can  be  quenched  within  1 s of  the  end  of 
deformation.  In  this  way,  the  effects  of  the  processing  variables  on  the  flow  and  frac- 
ture characteristics  of  the  superalloy  compacts  can  be  examined  and  some  of  the  early 
results  are  described  below. 

So  far,  the  high  temperature  flow  characteristics  of  two  HIP  P/M  superalloys 
have  been  Investigated:  a VA  IN-100  of  standard  chemistry  pressed  below  the  y’  solvus 

and  tw  batches  of  low  carbon  MAR  M200  pressed  above  and  below  the  y’  solvus.*  The  as- 
compacted  IN-100  exhibits  a microstructure  of  overaged  y'  In  the  austenitic  y matrix 
similar  to  that  shown  In  Fig.  5a.  The  powder  particle  boundaries  are  decorated  by  a 
continuous  thin  film  of  TIC.  The  microstructures  of  the  MAR  M200  pressed  below  and  above 
the  y'  30 1 vus  are  shown  In  Fig.  lc  and  6b  respectively,  the  major  difference  being  their 
grain  sizes.  As  emphasized  previously,  the  powder  particle  boundaries  lri  these  pressings 
are  not  noticeably  decorated  by  carbides.  Compression  tests  have  been  carried  out  at 
Intervals  of  50°C  In  the  range  from  1050  to  1200°C  and  at  five  strain  rates  between  3 * 
10”*  and  1 s”'. 

Effects  of  Processing  Variables  on  Ductility 

Cracking  occurs  In  powder  particle  boundaries  during  compression  of  the  IN-100 
compacts  as  evidenced  by  the  photographs  of  Figs.  10  and  11.  The  severity  of  the  cracking 
varies  with  the  processing  conditions  and  this  has  been  used  to  obtain  a qualltat've 
estimate  of  the  relative  ductilities  from  one  test  condition  to  another. 


(a) 

.c  y* 

^ — - • 


' ;>  » 

‘ 200/1 

(c) 


Fig.  10  Effects  of  temperature  on 
the  hot  ductility  of  IN-100  compacts, 
(-60  mesh  VA  powder,  pressed  4 hours 
at  1010°C/138  MN/m*  followed  by 
2 hours  at  1180°C/138  MN/m*);  com- 
pressed at  a constant  true  strain 
rate  at  10”*  s”1  to  a strain  of  0.8 
at  a)  1050°C,  b)  1150°C,  c)  1200°C. 
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1)  2 hours  at  1050*C/69  MN/m* 

2)  2 hours  at  1250*C/103  MN/m* 
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Fig.  11  Effects  of  strain  rate  on  the  hot  ductility  of  IN-100  compacts 
(-60  mesh  VA  powder,  pressed  H hours  at  1010°C/138  MN/m2  followed  by 
2 hours  at  ll8o°C/138  MN/m2):  compressed  to  a strain  of  0.6  at 
1050°C  and  at  a)  3.0X10-14  a”1,  b)  1.7*10-3  s“l,  c)  10-1  s_1,  d)  0 . 9 8 s"  1 . 


The  ductility  of  the  powder  compact  Increases  with  temperature  as  Illustrated  In 
Fig.  10.  The  soundness  of  the  compact  forged  at  1200°C  Is  reasonable  considering  that  some 
f the  apparent  porosity  Is  due  to  carbides  being  pulled  out  of  the  matrix  during  polishing. 
This  Increase  In  ductility  with  temperature  Is  characteristic  of  the  hot  working  of  super- 
alloys and  Is  well  documented . ( 1 1 ) however,  over  the  temperature  range  examined  no 
du-tllity  minimum  or  maximum  was  observed  as  reported  for  solution  strengthened ( 12 ) and 
precipitation  st. rerigthened(  13)  austenitic  matrices. 

It  Is  generally  accepted  that  the  major  factor  governing  the  hot  ductility  of 
metals  and  alloys  is  the  nature  of  the  softening  process  concurrent  with  deformat  Ion. ( 1^ ) 
The  Increase  in  ductility  with  temperature  can  be  easily  rationalized:  the  compacts 

recrystallize  dynamically  during  forging  and  the  gradual  dissolution  of  the  second  phase 
i articles,  with  increasing  temperatures,  increases  grain  boundary  mobility  thereby 
lie  lating  Initial  cracks  and  preventing  further  propagation. 

vi  :■  • hi  rangi  . or  itraii  rati  • • nlned , nd  t fix  l temperature,  thi  ppar- 
' ' ' • ' ' Itjf  lnerea  nil  lng  trail  i . mlnimun  ii  luctility  as  a funct ion 

of  strain  rate  was  observed  at  the  lowest  test  temperature.  This  effect  Is  illustrated 
in  Fig.  11.  It  can  be  seen  that  the  severity  of  cracking  is  a maximum  at  a strain  rate 
f -l  s_1  and  Improves  with  either  increase  or  decrease  in  forming  rate.  This  duct- 
ill’  v minimum  was  not  detected  at  the  higher  temperatures,  possibly  due  to  the  limited 
range  of  3tralri  rates  investigated. 

There  is  evidence  that  ductility  depends  critically  on  strain  rate  in  both  single 
phase ' 12 , 15 ) and  duplex  struc tures . ( 1 3 , 16 ) In  an  austenitic  stainless  steel, (12)  for 
example  Increasing  the  strain  rate  improves  the  ductility  in  the  temperature  range  from 
950  to  1150*G.  Above  1200°C,  however,  the  effect  is  reversed.  Torsional  ductility  lata  n 
Udlmet  700(13)  also  show  evidence  of  such  a reversal  in  the  vicinity  of  1000°C.  Adiabatic 
heating,  at  the  higher  strain  rates  has  been  previously  suggested  to  lead  to  higher 
duct  1 llties. ( 37)  it  is  more  likely,  however,  that  the  reversal  observed  at  1050°C  In  the 
IN-100  compacts  Is  the  result  of  Interactions  between  the  dynamic  softening  mechanisms  and 
the  fracture  mechanisms.  Crack  propagation  processes  can  be  modified  by  the  structural 
•hange.j  taking  place  during  forging,  and  since  these  changes  are  a function  of  the  strain 
rate  it  can  be  expected  that  crack  propagation  processes  and  hence  ductility  will  vary 
with  forming  rate.  Work  is  presently  In  progress  which  should  help  clarify  the  nature  of 
the  mechanisms  of  ductility  Improvement  with  strain  rate  variations  as  well  as  the  nature 
of  the  embrittlement  at  Intermediate  strain  rate. 
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Tim  available  evidence  suggests  that  p wder  i >undary  era  iking  Is  due  primarily 
presence  of  embrltt  ling  car!  1 1<  . Thi  • . ■ irblde  flln 

luc  1 1 1 It  y . i . . , t ha  t 1 f N- 1 1 iml 

I ■ ' /us,*  thi  netwoi 

coarser  but  more  discrete  carbide  phase.  This  appears  to  have  a marked  effect  on  the 
luctl  • how  li  lg.  12:  ■ . ’ ■ In  thi  terl  than  in  th 

IN-  m the  y * wi  , ■ • nnli  procedur<  for  the  tw 

If f i I , the  1270*  odu  : ■ inned  powder 

iddl!  ; nal  utgasslng  treatment  was  used  with  thi  w temperature  pressing.  The  duct- 

by  the  . that  thi 

hi  si  ry  f ■ hi  • ; act  1 Imj  rt  ml  v irl  it  Influencing  hot  work- 
• ' ■ whole  rather 

tw  distinct  operations. 


Fig.  Powder  b indary  cracking  i iring  forging,  at  1150°C  and  10~-'s-1, 

of  IN-100  compacts  pre  sed  a from  -(  VA  wder  for  4 hrs.  . . 3 : 

138  M.’J/m2  followed  by  2 hrs./ll80*C/138  MN/m2;  and  b)  from  -60  mesh 
:■  2 hrs. /127O*C/103  MN/m1.  Thi  :ompacti  weri  forged  1 
strain  of  0.4. 


' f ! r casing  Variables  on  Strength 

The  effect  of  strain  rate  and  temperature  on  the  high  temperature  flow  stress  of 
the  IN-100  compact,  pressed  below  the  y*  solvus,  Is  shown  In  Pig.  13.  The  flow  behaviour 
and  alloys  which  undergo  dynamic  recrystallization  lurln  workli  . 

At  -on:;: ant  strain  rate  and  temperature  the  flow  curve  Is  characterized  by  a high 
rat’  f w rk  har  ienlng  at  low  strains  and  by  a subsequent  rapid  fl  'w  s ftenlng  until,  at 

itati  regime  Is  established.  The  peak  flow  stress  and  the  peak 
wltl  train  rati  md  d ise  with  temperature.  Similar  trends  have  been 
ted  for  Inconel  000(19)  and  Udlmet  700^3)  deformed  in  tors'  n.  .' . h behavl  ir  w ild 
be  expected  taring  hot  forming  of  nickel-base  superal loys . ( ?0) 

The  hot  strength  of  a powder  compact  is  also  markedly  affected  by  Its  grain  size, 
there!  r<  by  :h  Ice  of  powder  size  and  hot  lsostatlc  pressing  conditions. 

1 . . ist rate  this,  p lnt,  tw  compacts  of  MAR  M.’OO,  with  different  grain  sizes  have  been 
r the  same  conditions  of  strain  rate  and  tempera!  ire.  • ml  1 stru  :t  ir<  1 

rlbed  previously:  pressing  below  the  y*  solvus  results 

flm  ral:  iterial.  Pig.  . , whereas  pressing  it  vi  the  ■ ’ eadi  1 ri  ry  tal- 

raii  growth.  Pig.  6b.  During  subsequent  1 rglng,  il  . 0 : md 

. « 10**  s- 1 , the  compacts  exhibit  different  fl  w behavl  ...  I in  Pig. 

The  arse  grain  material  shows  a six  fold  Increase  In  peak  flow  stress  over  the  fine  grain 
• and  undergoes  more  strain  softening.  The  steady  state  flow  tr< SB,  1 
In  the  coarse  grain  material. 

Th’  advantages  of  b wer  working  loads  during  forging  are  self  evident  and,  on 
these  grounds,  pressing  below  the  y'  solvus  appears  preferable  for  HIP  * forge  thermo- 
hanlcal  treatments.  Moreover,  the  hot  ductility  Is  improved  by  the  presence  of  a fine 
grain  structure  as  Illustrated  In  Fig.  I1}.  The  two  micrographs  are  for  the  compacts 
wh  se  impression  fl  w curves  are  shown  In  Fig.  14.  The  microstructures  show  evidence 
f re  rysta 1 1 1 zat Ion  particularly  when  they  are  compared  t those  of  the  as-pressed 
materials.  The  fine  grain  j mpact  appears  to  have  recrystal  1 lzed  during  forging  to  an 
ven  finer  grain  size.  Deformation  occurs  homogenously  throughout  this  fine  grain 

: ; 1 a k i i.g  . ■ ■ ■ irse  grain  :ompact,  the  recrystal- 

11 zat Ion  la  onflned  to  th<-  prior  grain  boundary  regions  and  deformation  appears  to  be 
I-  ill zel  • these  soft  re  rystalllzed  bands.  Although  a true  strain  of  1.0  was  achieved 
• • ' 'a  Little  evidence  f deformation.  is 

HIP  ycle:  2 hrs.  at  1270*'V103  MN/m1 


TRUE  STRESS,  MN  / 


I’  u.  1 2 


CONCLUSIONS 

r:..-  grain  . ! ii;.i  ir.echanlr.il  pr* -parties  C HIP  superailoy  compa  rtr.  an  be  • nt  rolled 
• (hoi  f powder  type  and  pressing  conditions. 

1 ■ ■ b talned  by  i Ing  I « thf  is  whl 

: ' i ' ' 1 ll  ' 1 ■ ' /US . 

Kerry  .<•  a;  llrriti  n and  grain  growth  are  influenced  by  carbide  preclpitatl  n n grain 
in  1 | wl'T  surface  boundaries. 

9.  'art  Ide  t r-e  if  itfat  !•  n a.  powder  surface  boundaries  is  influen  1 by  HIP  Jit  i .ns 
and  ill  hen  I ,;t  ry  . 

*• . :’be  l.tllity  of  superalloy  n impacts  at  hot  working  temperatures  Is  Influenced  by 

Inf  ' in  i ictu 

and  i ’ morphology.  Ductility  Is  also  affected  by  thi  < rging  rariables  1 tempera- 
raii  te,  increasing  with  temperatur  tnd  deci  sing  wltl  train  rate. 

• ■ : I t i rail  ■ , perat 

: • ■ rate.  w stresses  li  ri  with  ii  r isin  li  sizi  md  t 1 ’a i 1 

■ , nd  li  reasi  witl  }i  reasi  1<  temperature . Variati  ns  li  fl  w stri  witl 

•:  i n (•  :•  with  d*'. -re  as  ing  grain  size. 

. • • • w rking  properties  are  obtained  with  fine  grained  compacts  pressed  below 

Me  >’  ■ ..  However  farther  studies  are  required  to  fully  characterize  the  hot 

w M-Mivl  ar  and  subsequent,  heat  treatment  and  mechanical  properties  of  super- 

il.  ~I  i m;  those  studies  are  in  progress. 
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SUMMARY 


West inghouse  Canada  is  conducting  a program  to  develop  a high  temperature 
composite  material  and  the  fabrication  processes  to  produce  composite  turbine  vanes 
and  blades  for  advanced  industrial  pas  turbine  enpines.  Blade  and  vane  designs  suited 
to  the  composite  material  are  part  of  the  overall  program  The  composite  system  includ 
the  starting  matrix.  Mar  M-200  nickel  base  superallov  powder,  and  the  fibre,  tungsten 
-2  thoria  wire  (0.5  mn  diameter).  The  main  objective  is  to  develop  a composite  materia 
for  blades  and  vanes  to  withstand  temperatures  of  1100®C  with  potential  to  1200°C. 

Processes  under  development  include  (1)  a chemical  vapour  deposition  process 
to  deposit  continuously  hafnium  carbide  or  hafnium  nitride  diffusion  barrier  coatings 
on  the  tungsten  wire,  (2)  composite  monolayer  stacking  techniques,  and  (3)  hot  isostati 
pressing  to  form  the  consolidated  net  or  near-net  composite  shapes. 

From  a materials  viewpoint,  the  program  is  investigating  the  limitations  impose 
bv  (a)  matrix-fibre  interaction  during  fabrication  and  service  exposure,  (b)  dimensio 
changes  as  a result  of  thermal  cvcling;  (c)  oxidation  and  hot  corrosion  requirements. 
Fabrication  limitations  center  around  consistently  producing  the  desired  fibre  placemen 
and  volume  fractions  in  blade  and  vane  shapes. 

INTRODUCTION 

All  aircraft  and  industrial  gas  turbine  manufacturers  have  increased  their 
engine  cycle  temperatures  in  order  to  improve  their  overall  thermal  efficiency  or 
specific  power  output  for  a given  machine  size.  These  temperature  increments  have 
been  achieved  largely  hv  material  substitution  or  by  improved  cooling  techniques  on 
blading  materials.  Further  improvements  in  efficiency  are  essential  if  a manufacturer 
is  to  participate  in  future  markets. 

Figure  1 illustrates  the  performance  improvements  resulting  from  changes  to 
first  row  vanes  and  blades  in  a regenerative  cycle  mechanical  drive  gas  turbine  engine. 
At  1975  natur- 1 gas  prices,  an  increase  of  2.8  percent  in  thermal  efficiency,  resulting 
from  the  changes  shown,  would  result  in  a fuel  saving  of  approximately  $150,000  per  yea 
of  operation. 

Reviews  of  potential  materials  systems  which  can  meet  advanced  airfoil  temperat 
goals  were  made  They  indicated  that  significant  temperature  increases  of  up  to  severs 
hundred  Celsius  degrees  could  be  obtained  bv  research  and  development  efforts  in 
artificial  metal  matrix  composites,  directionally  solidified  (DS)  eutectic  composites, 
and  ceramics  Figure  2 is  a log-log  plot  of  specific  sticss  rupture  strength  against 
rupture  time  showing  extrapolated  105  hours  strength  for  some  ol  the  above  materials 
(1,  2,  3,  A).  The  composite  material  curves  were  calculated  on  the  basis  of  the  matrix 

alloy  making  no  strength  contribution  The  plot  shows  that  the  high  strength  W-2ThC>2 
and  the  experimental  W-Re-Hf-C  composite  materials  can  potentially  meet  our  1100  C 
specific  strength  obiective  of  1700  m for  more  than  10,000  hours.  Besides  mechanical 
property  considerations,  comparis  -is  were  made  for  factors  such  as  chemical  stability, 
oxidation  resistance,  fabricabilitv , economics,  and  system  flexibility.  The  latter 
refers  to  the  ability  to  alter  the  matrix  and  reinforcement  components  independently. 

Superallov  ma t r i x- tungsten  alloy  composites  ranked  highest  in  absolute 
mechanical  properties,  fabricabilitv.  economics  and  system  flexibility,  but  lowest  in 
chemici!  stability  Directionally  solidified  eutectics  rank  high  in  chemical  stability 
but  lowest  in  system  flexibility,  strength  and  oxidation  resistance.  Ceramics  such  as 
silicon  nitride  and  silicon  carbide  may  have  more  long  range  potential  than  artificial 
or  DS  eutectic  composites  but  the  latter  two  are  superior,  in  that  they  can  have  ductil 
properties  similar  to  the  superalloys  now  in  use  and  hence  fit  in  with  the  present 
design  technology  and  experience.  Ceramic  materials  are  brittle  and  their  utilization 
in  a gas  turbine  is  dependent  on  the  development  of  the  design  technology  to  use  brittl 
materials  in  the  gas  path.  Composite  airfoils  also  require  modified  design  approaches 
but  to  a lesser  extent  than  ceramics 

In  1973,  a composite  airfoil  development  program  was  initiated  hv  the  Gas  Turbi 
Systems  Division  of  West  i nghou.se  F.lectrlc  Corporation.  The  total  program  Involved 
studies  into  (a)  the  physical  metallurgy  of  superallov  matrix  and  tungsten  allov  compos 
systems,  fb)  the  determination  and  optimization  of  mechanical  properties,  (c)  the  desig 
and  structural  analysis  of  composite  airfoils  and  (d)  the  development  of  manufacturing, 
processes  and  quality  control  techniques  It  is  the  latter  task  that  West inghouse 
Canada  is  primarily  concerned  with,  although  participation  in  the  other  tasks  is 
required 


jL 
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Tin  fabrication  phase  involves  development  in  h i eh  technology  areas  such  as 
continuous  win  coating,  monolaver  composite  nlv  production  techniques,  powder 
meta  1 lurpv  compaction  hv  hoi  isost.aric  pressing,  and  i hermomechanica  1 nrocessinp 
i TMf')  •:  <rule  struct  i ve  testing  techniques,  that  need  development  to  ensure  'he  qualit 

of  the  i-onnosite  materia'  throughout  its  nrocessin",  include  ultrasonic  and  radioprat 
inspect  ion 

A ret -.sent  ttlve  first  row  turbine  blade  that  the  composite  material  would  r< 
is  shown  ir  ' : cure  < Presently  this  blade  is  produced  bv  investment  casting  and  wt 
approximately  ' kilograms  It  is  characterized  bv  a hort , sllphtlv  twisted,  taperei 
airfoil  section,  ami  a bulky  root  section. 

COKVOSITK JihADF  FARR I CATION  PROCESSES 

Approach 

Thi  section  describes  the  fabrication  approach  that  is  under  development  at 
West  inchouse  Canada  and  the  individual  processes  that  together  result  in  composite 
ai rfoi 1 shapes 

The  selected  composite  fabrication  techniques  must  result  in  composite  nroner 
that  meet  those  required  Cor  annlication  of  the  composite  The  processes  mu  it  be  ca 
f first  producing  vane  and  blade  shapes  to  required  dimensions,  second  incorporating 
both  uniaxial  and  off-axis  fibre  positioning,  third  providing  triform  matrix  cladding 
to  prevent  fibre  oxidation,  and  fourth  providing  if  necessarv,  for  cooling  or  airfoil 
weight  reduction  passapes  The  combined  fabric. ition  techniques  must  of  course  he  cos 
effective  and  reproducible.  The  processing  route  under  development  at  Westinphouse 
Canada  is  shown  in  Figure  A. 

Commercial  and  development  prades  of  thoriated  tunpsten  wire  (05  mm  diameter 
ire  procured  from  the  Lamn  Divison  of  V’es  t inphouse  Klectric  Corporation  It  was 
confirmed  that  a diCfusion  barrier  coat inp  was  required  on  the  fibre  to  prevent  < 
strength  loss  as  a result  of  nickel  - induced  recrvstallization  above  1000#C  Studies 
indicated  that  A micron  thick  coatings  of  hafnium  carbide  or  hafnium  nitride  of  suital 
stoichiometrv  were  effective  diffusion  barriers.  Chemical  vanour  deposition  (C’.’D)  wai 
the  proc  s selected  to  deposit  continuously  both  of  these  coatinps. 

The  need  for  uniaxial  and  off-axis  positioninp  of  thousands  of  fibres  in  a 
twisted,  variable  thickness  airfoil  shane  ruled  out  molten  metal  infiltration  as  a 
technique  for  combininp  the  fibres  and  matrix  alloy  It  was  decided  that  stackinp  of 
monolaver  composite  p’ies  was  notentiallv  a cost  effective  method  of  fabricatinp  the 
desired  shapes  The  (lies  would  consist  of  aligned  coated  fibres  sandwiched  between 
lavers  of  matrix  allov.  The  matrix  alloys  considered  were  generally  cast  nickel  base 
superallov  compositions  '-'atrix  tape  can  be  produced  commercially  from  allov  powders 
combined  with  suitable  organic  binders  and  plasticisers. 


Stacked  plies  could  be  consolidated  bv  pressure  and  heat  between  hot  dies  or  1 
hot  isostatic  nressinp  (HIP).  The  latter  process  was  selected  since  it  was  considers 
to  be  more  adaptable  to  producing  combined  root-airfoil  shapes,  and  had  applicability 
other  areas. 

The  primary  objective  of  the  fabrication  process  is  to  produce  vane  and  blade 
shapes  which  are  close  enough  to  final  dimensions  such  that  root  machining  and  touch-i 
grinding  of  the  airfoil  is  all  that  is  required  to  attain  the  desired  final  shape  T1 
defined  as  a net  shane  It  is  recognized  that  this  net  shape  objective  mav  not  be 
attained  since  distortion  during  HIP  of  the  envelope  containing  the  composite  airfoil 
treform  stack  and  matrix  allov  nowder  will  be  difficult  to  eliminate  completely  For 
this  reason,  the  develr  ent  includes  a studv  of  thermomechanical  processing  (TMP) , si 
as  isothermal  forging  or  creep  forming,  as  a means  of  attaining  final  airfoil  dimensit 
from  near-net  shapes 

The  need  for  a nrotect  ive  surface  coating,  is  considered  to  be  a requirement  fc 
thousands  of  hours  of  operation  with  metal  surface  temperatures  of  1100°C  and  above 
Commercial  modified  aluminide  pack  cementation  coatinp.s,  phvsical  vapor  deposited 
N yAIY  overlays,  or  a combination  of  the  two,  have  shown  potential  for  1100°C  use  for 
one  to  two  thousand  hours  of  operation  in  pressurized  buri  er  rip,  tests  before  recoatir 
is  required.  For  industrial  gas  turbines,  it  Is  desired  that  this  service  life  be 
extended  to  at  least  10,000  hours  before  recoatlng.  The  requirement  mav  impose  a 
limitation  on  the  use  of  the  composite  material. 

Machining  Is  required  to  produce  blade  root  serrations,  and  vane  shrouds 
Conventional  techniques  such  as  broaching,  grinding  and  milling  can  be  used  for  these 
requirements  Attaining  final  airfoil  dimensions  from  a net  shape  mav  require  technic 
and  cost  evaluations  of  techniques  such  as  contour  grinding,  electrical  discharge 
grinding  or  machining,  and  electrochemical  machining. 

Optimum  matrix  alloy  properties  are  obtained  by  heat  treatment.  Considerat iot 
include  fibre-matrix  interaction,  and  matrix  alloy  grain  size  and  phase  mornhologies 
af’er  solution  heat  treatment  and  ap.inp 
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Fibre  Coatings  Chemical  Vaoour  Deposition 

The  need  for  diffusion  barrier  coatings  on  thoriated  tungsten  fibres  was 
ascertained  by  performing  comnatiMlitv  tests  at  elevated  temperatures.  ''ncoated 
fibres  were  combined  with  low  carbon  Mar  M-200  nowder.  1'IP-consol  i da' ed  at  1?0D°C 
and  70  MPa.  and  exposed  In  vacuum  for  periods  of  time  up  to  1000  hours  at  1100  °c  - 1200® C 
Figure  5 ia)  illustrates  the  recrvs tal l i zat i on  occurring  in  the  tungsten  fibres  af'er 
100  hours  at  1200  °C 

Hafnium  carbide  and  hafnium  nitride  were  selected  from  several  potential  diffusion 
• arrier  coating  materials  bv  a comparison  of  predicted  thermodynamic  behaviour  and 
experimental  compatibility  tests  with  Mar  M-200  nllov  at  temperatures  is  high  as  1 °C 
Other  materials  evaluated  were  AlaO^,  HfO > , TaC,  7rC.  TiC  and  Ti"  Figure  5 fb)  ini  fc) 
show  the  effectiveness  of  ym  thick  'HfC  and  HfN  layers  in  nreven’ine  the  re  rvstal  lizat  ion 
of  tungsten  after  100  hours  at  1200®C. 

The  processes  evaluated  for  the  deposition  of  HrC  an  ! HfN  • <>.it  in.-  •■ere  hemical 
vapour  deposition,  sputtering,  ion-olating  and  electron  beam  evaporation  Thi  cf  lo 
of  CVD  was  based  on  a comparison  of  factors  such  as  attainable  dene  -it  chemistry  and 
microstructure,  adhesion,  thicVness  control,  nrocess  throwing  nower  rfri  ienev 
adaotahilitv  to  continuously  coat  long  lengths  of  fibre,  and  scale  up  , os's 


Deposition  of  HfC  and  HfN  has  been  performed  nreviouslv  '5 . f 7 Ri  Thi 
temperatures  used  for  the  deposition  of  these  materials  were,  however , 1 i eher  than 
thought  suitable  for  the  retention  of  optimum  mechanical  nropertie  •'  the  f riate.l 
tungsten  fibres.  Conditions  for  the  deposition  of  HfC  and  HfN  at  lower  t or/ eratur-  re 
sought  where  reasonable  deposition  rates  could  he  retained  to  takt  advantage  of  CVD  a 
a coating  method  A description  oe  the  method  for  establishing  suitable  conditions  ’ •- 
the  deposition  of  HfC  and  Hf"  has  been  given  elsewhere  (H)  and  should  be  consulted  f r 
details. 


Prior  to  coating,  the  thoriated  tungsten  fibres  are  subi 
and  cleaning.  Two  methods  were  evaluated  for  surface  polishing, 
results  in  smoother  surfaces  than  a fused  salt  treatment  and  the 
standard  procedure.  Prior  to  deposition,  the  thoriated  tungsten 
straiphtened  in  high  puritv  argon  at  1200°C  by  application  of  an 
550  MPa. 


ected  to  surface  polishing 
Electrolytic  polishing 
former  was  adopted  as 
fibres  are  continuously 
axial  stress  of  about 


Figure  6 shows  a diagram  of 
and  HfN  on  thoriated  tungsten  fibres 
chlorination  chamber  is  used  for  the 
chips  at  700®C.  The  reaction  gases, 
deposition,  mix  in  the  outer  tube  be 
chamber  is  also  of  double  wall  const 
ends  to  isolate  the  chamber  from  the 
contacts  for  resistivelv  heating,  the 


the  system  used  for  the  continuous  denosit i n >f  HfC 
It  consists  of  two  parts.  The  double  walled 
in  situ  chlorination  bv  HC1  gas  of  hafnium  metal 
Hu  and  CH/#  for  HfC  deposition,  or  H2  and  Ni  f.>r  HfN 
fore  entering  the  deposition  chamber  The  deposition 
ruction  and  has  water-cooled  mercurv  seals  it  both 
outside  atmosphere  and  also  to  serve  as  electrical 
moving  fit  re. 


The  walls  of  the  deposition  chamber  are  maintained  at  about  400°C  bv  heat  in.-  with 
thermal  tape  or  bv  ceramic  wool  insulation  to  retain  the  hafnium  chlorides  in  the  gas  p]  ise. 
The  wire  is  moved  through  the  inner  tube  of  the  deposition  chamber  at  a uniform  rate 
using  a variable  speed  motor  in  combination  with  400  mm  diameter  take-up  and  feed  spools. 

The  spools  are  controlled  bv  clutches  to  maintain  constant  tension  on  the  wire 


The  effect  of  changes  in  the  deposition 
gas  compositions  and  gas  flow  rates  on  the  rates 
stoichiometries  of  the  HfC  and  HfN  denosits  are 
scanning  electron  microscopy  and  x-rav  diffract 
Hafnium  carbide  deposits  having  widely  differing 
deviating  * 2 a/o  in  carbon  from  the  stoichiomet 
introducing  changes  in  the  deposition  parameters 
morphologi,:  for  HfN  deposits  is  more  complex  th 

deposits  close  to  stoichiometric  can  be  deposlte 
in  the  range  1200  ^2  - 1300*C. 


temperatures  in  the  range  900®C  - 1100°C, 
of  deposition,  deposit  morphologies  and 
being  investigated.  Conventional  microscopy, 
ion  are  used  to  characterize  the  deposits. 

morphologies  and  stoichiometries, 
ric  composition  can  be  obtained  bv 

Control  of  stoichiometry  and  deposit 
an  for  HfC  (9).  In  general,  however.  HfN 
d at  H2  to  N2  ratios  of  1 l at  temperatures 


In  summary,  the  CVD  system  developed  has  been  shown  to  be  capable  of  coating  long, 
lengths  of  thoriated  tungsten  fibres  in  a continuous  manner  with  HfC  and  HfN  diffusion 
barrier  coatings.  It  is  considered  to  be  a laboratory  scale  process  at  this  stage  but  it 
can  be  scaled  up  for  production  with  onlv  minor  changes  being  necessary. 


Composite  Ply  Process 


Composite  plies  of  varying  shape  and  size  are  required  to  produce  the  prototype 
reinforced  airfoil  shape  shown  in  Figure  7.  The  plies  are  fabricated  from  the  coated 
reinforcing  fibre  and  matrix  allov  tape.  The  tape  is  produced  from  -'00  mesh  matrix  allov 
powder.  The  chemical  composition  and  particle  size  distribution  of  the  argon  atomized 
Mar  M-200  are  presented  in  Tables  I and  II  respectively. 


Presently,  quantities  of  the  powder  are  sent  to  a commercial  supplier  who  combines 
them  with  proprietary  mixtures  of  organic  binders,  optimized  for  our  application,  to  form  a 
slurry.  The  slurry  is  dispensed  through  an  orifice  from  a mixing  container  and  onto  a 
moving  sheet  of  polyethylene.  The  required  tape  thickness  is  achieved  bv  an  adjustable 
plate  which  removes  excess  slurry  as  the  slurry  passes  under  the  plate.  The  sized  tape 
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is  oven  dried  and  wound  onto  dispensing  rolls  with  protective  waxed  paper  interleaving. 

For  our  purposes,  a tape  width  of  200  mm  and  a thickness  of  0.25  mm  are  provided, 

The  tape  and  coated  wire  are  combined  to  form  an  airfoil  shape  bv  the  following 

steps . 

1.  A silicone  rubber  mold  is  formed  with  a cavity  shape  corresponding  to  the 
desired  airfoil,  with  an  allowance  for  consolidation  shrinkage. 

2.  A low  melting  point  bismuth  alloy  is  cast  into  the  mold  to  form  an  airfoil 
replicate  that  can  be  deformed  and  easily  machined. 

3.  The  casting  is  flattened,  without  distortion,  to  produce  a simplified  shape. 

A.  The  flattened  casting  is  mounted  on  a suitable  base  and  successive  milling 
machine  cuts  are  made.  The  thickness  of  material  removed  is  dependent  on 
the  desired  fibre  volume  fraction,  the  known  matrix  tape  shrinkage  factor, 
and  the  measured  thickness  of  the  pressed  composite  plv,  as  described  later. 

5.  The  machined  surface  is  photographed  after  each  cut  to  provide  a trace  for 
each  plv  pattern  Suitable  indexing  marks  are  provided  so  that  each  plv  can 
be  placed  relative  to  another  in  the  proper  position  as  they  are  stacked. 

Figure  8 shows  the  variation  of  ply  shapes  between  two  selected  sections  of 
the  flattened  airfoil  pattern. 

6.  Duplicate  shapes  of  matrix  alloy  tape  are  cut  for  each  ply. 

7.  The  required  fibres  for  each  nlv  are  positioned  in  a heated  die  which  is 
grooved  to  provide  the  desired  fibre  spacing. 

8.  Matrix  alloy  tape  is  positioned  on  one  side  of  the  aligned  fibres  and  pressed 
so  that  the  fibres  adhere  to  the  tape.  The  tape  and  fibres  are  then  reversed 
and  another  tape  layer  is  placed  over  the  fibres  to  form  the  composite  ply. 

9.  Both  surfaces  of  each  plv  are  covered  with  a layer  of  polyethylene  sheet  and 
pressed  to  allow  the  matrix  tape  to  flow  between  each  fibre. 

10.  After  removal  of  the  polyethylene  sheets,  the  plies  are  ready  for  stacking, 

and  forming  back  to  the  original  airfoil  shape.  The  stacking  is  performed  on 
a lacquer-coated,  split  ceramic  mold  having  the  desired  airfoil  shape  as  a 
cavitv.  It  is  at  this  point  that  cross-plies  could  be  incorporated  for  off-axis 
strengthening.  Sufficient  layers  of  unreinforced  tape  are  wrapped  around  The 
composite  bundle  to  ensure  at  least  0.50  mm  of  uniform  matrix  alloy  cladding 
so  that  no  fibres  are  exposed  after  consolidation. 

11  The  shaped  ply  bundle  is  inserted  into  the  container  that  is  used  for  HIP- 
consol idat ion . The  container  is  airfoil  shaped  and  is  sealed  at  onlv  one 
end  to  make  possible  the  insertion  of  the  bundle  and  to  maximize  gas  exit 
area  for  binder  outgassing. 

12.  The  container  and  its  contents  are  placed  in  a retort  and  outgassed  in  hydrogen 
to  remove  all  traces  of  the  binders  present  in  the  matrix  alloy  tape.  A 
typical  outgassing  cycle  consists  of  initially  evacuating  the  retort  and 
backfilling  with  hydrogen  before  heating  commences.  A maximum  heat-up  rate 
of  100°C  per  hour  is  employed  to  30082.  At  this  temperature,  the  retort  is 
evacuated  and  back  filled  with  hydrogen  again.  The  bundle  is  subsequently 
heated  to  650°C,  after  which  the  furnace  is  cooled  to  room  temperature  to 
complete  the  cycle.  Stress  rupture  tests  were  conducted  to  evaluate  the 
effectiveness  of  the  hydrogen  outgassing  treatment.  Specimens  were  prepared  bv 
HIP- consul idation  dry  Mar  M-200  powder  and  Mar  M-200  powder  produced  from 
hydrogen-outgasseu  tape.  Tests  conducted  at  980°C  and  at  a stress  level  of 
48.3  MPa  yielded  l.arson-Mi 1 1 er  parameters  of  approximately  50  for  both  tvpes 
of  specimens. 

1?.  Following  removal  from  the  retort,  the  root  section  shell  is  welded  to  the 

container.  This  part  of  the  container  also  includes  the  evacuation  tube  that 
is  required  for  pre-HIP  processing.  Dry  matrix  powder  is  added  to  the  container 
through  the  evacuation  tube  to  form  the  root  section. 

14.  At  this  point,  the  container  is  ready  for  evacuation  and  sealing. 

The  described  process  contains  several  steps  anti  is  considered  io  be  a batch  process, 
suitable  only  for  prototype  composite  airfoil  fabrication.  Automation  potential  exists  for 
several  of  these  steps  in  a pilot  plant  or  pre-production  scale  operation.  For  example, 
fibre  collimation,  tape  placement,  and  composite  ply  pressing  would  be  Incorporated  into 
a single  continuous  operation. 

HIP  Consolidation 

Nickel  base  superalloy  powders  can  be  consolidated  by  either  hot  die  pressing  or 
HIP  CHot  Isostatic  Press).  HIP  was  chosen  for  two  primary  reasons 
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(.1)  die  pressing  is  subject  to  frictional  effects  which  can  lead  to  incomplete 
consol i dat Ion . 

(b)  the  HIT  process  has  other  potential  applications  in  our  industry,  such  as 
diffusion  bonding  and  the  healing  of  casting  defects. 

Powder  consolidation,  by  HIP  or  gas  pressure  bonding,  involves  the  simultaneous 
application  of  isostatic  pressure  and  temperature  to  metal  powders  contained  in  an 
evacuated,  pressure  tight,  deformable  envelope.  The  pressure  forces  the  powder  particles 
inr  intimate  contact  hy  creep  deformation  so  that  diffusion  bonding  occurs  at  temperatures 
c mis  i derab  ly  lower  than  the  1 normally  required  for  conventional  sintering,.  HIP- 

r.  dilated  powders  normally  exhibit  greater  than  997  of  the  theoretical  alloy  density. 

Several  avenues  are  open  in  the  choice  of  HIP  container  materials  for  net  or  near- 
. • hap.  i 1 iuc * ion.  The  two  main  requirements  are  that  the  material  he  plastic  at  the 
, tenperaturi  and  capable  of  being  sealed  into  a pressure- t i ght  container.  Other 
•.nt  a uth  it.  . cst  , formabilitv,  and  ease  of  removal  also  enter  into  the  ultimate 
material  choice  Our  experience  to  date  has  been  mainly  with  stainless  and  low  carbon 
tool  sheet  in  thicknesses  ranging  from  0.7  to  2.5  mm.  These  materials  are  relatively 
e.c  .•  t term  md  weld.  However,  both  stainless  and  carbon  steel  would  have  to  be  removed 
after  HIP- consol i dat ion . 

,s'i  are  presently  exploring  the  possibility  of  using,  an  oxidation  resistant  sheet 
all  ic!  as  Ni  chrome,  Nimonic  C-263  or  one  01  the  MCrAI.Y  overlay  coating  tvpe  alloys 
(where  M can  be  Fe,  Co  or  Ni) . These  containers  would  not  be  removed  after  processing, 
but  would  function  as  an  oxidation  resistant  coatirg  for  the  airfoils.  The  possibility 
1 f using  ceramic  or  glass  containers  is  also  being  evaluated,  since  they  offer  cost 
effectiveness  for  complex  shapes  and  are  easy  to  remove.  Oxidation  and  ceramic 
infiltration  mav  result  in  surface  contamination  of  the  consolidated  powder.  This  is 
potentially  a limiting  factor  to  the  use  of  ceramic  containers  for  the  production  of 
net  shapes. 

When  the  container  is  filled  with  the  superalloy  nowder,  it  is  checked  for  low 
pressure  leaks  and  evacuated  to  between  10-5  and  10-6  mm  of  Hg . The  evacuation  tube  is 
heated,  pinched  flat,  and  is  then  burned  off  by  TIC  welding  to  achieve  the  final  vacuum 
seal.  The  part  is  now  ready  for  consolidation. 

The  HIP  system  at  Westinghouse  Canada  was  obtained  from  Autoclave  Engineers. 

It  is  shown  schematically  in  Figure  9.  The  system  consists  of  a five  zone  furnace, 

300  mm  ID.  by  900  mm  long,  located  in  a steel  pressure  vessel  which  can  be  pressurized 
to  190  MPa  with  argon.  The  furnace  is  capable  of  temperatures  up  to  1230° C.  For  maximum 
life  of  the  Kanthal  elements,  the  temperature  is  maintained  at  approximately  800°C  between 
cycles.  The  vessel  is  pressurized  by  two  diaphragm  compressors  operated  in  series.  The 
argon  is  normally  reclaimed  at  the  conclusion  of  each  cycle.  The  various  steps  in 
conducting  a typical  composite  consolidation  run  are  shown  in  Figure  10. 

The  parameters  shown  in  Figure  10  were  developed  as  a compromise  between  two 
conflicting  goals.  One  should  use  a low  HIP  temperature  to  minimize  matrix-fibre 
interaction  whereas  a high  HIP  temperature  will  yield  improved  matrix  properties.  It  was 
found  that  complete  dens i f icat ion  could  be  obtained  between  1000 °C  and  1100 °C  for  the 
Mar  M-200  alloy.  However,  this  temperature  range  lies  well  below  the  <’  solvus 
temperature  and  results  in  a very  fine-grained,  weak,  superplastic  matrix  (10),  as  shown 
in  Figure  11  (a).  The  high  temperature  strength  of  the  airfoils  is  largely  supplied  by 
the  reinforcing  fibres.  In  this  Dart  of  the  blade,  a superplastic  matrix  might  be 
acceptable.  However,  the  hlade  root  and  the  airfoil  tip  will  not  be  fibre-reinforced, 
these  areas  must  therefore  possess  adequate  strength  in  the  unreinforced  condition.  Such 
strength  levels  can  only  be  obtained  by  processing  at  temperatures  above  the  V solvus 
temperature,  followed  by  aging  to  optimize  ' and  grain  boundary  strengthening.  In  the 
HIP  cycle  illustrated  in  Figure  10,  the  first  hour  of  the  soak  period  takes  place  at 
1100°C  and  most  of  the  consolidation  will  occur  at  this  temperature.  During  the  second 
hour,  the  temperature  is  increased  to  1230°C,  which  is  above  the  V solvus  temperature, 
and  yields  the  equiaxed,  fully  solutioned  microstructure  desired  for  the  unreinforced 
parts  of  the  blade.  Such  a structure  is  illustrated  in  Figure  11  (b) . If  in  the  future 
it  should  prove  necesary  to  subject  the  parts  to  an  isothermal  forging  operation  for 
final  shaping,  we  should  certainly  take  advantage  of  the  superplastic  properties  by 
consolidation  at  1100°C.  This  also  minimizes  the  thermal  exposure  of  the  fibres.  The 
microstructure  desired  for  the  unreinforced  regions  can  be  obtained  by  subsequent  hear 
t reatment . 

Post-HIP  Process ing 

Several  processing  steps  remain  to  be  performed  after  consolidation.  These  can 
be  broadly  divided  into  the  areas  of  envelope  removal,  machining  and  forming,  quality 
control  and  heat  treatment. 

It  was  previously  suggested  that  one  migb.  be  able  to  use  an  inherently 
oxidation  resistant  material  for  the  HIP  envelope.  If  this  proved  feasible,  envelope 
removal  would  not  be  necessary.  If  the  envelope  material  were  stainless  or  carbon  steel, 
rhev  could  be  removed  by  either  conventional  or  electrolytic  pickling.  Ceramic  envelope 
materials  tend  to  spall  off  during  cooling  from  the  HIP  temperature.  One  of  the 
advantages  of  ceramic  molding  materials  is  that  only  a grit  blasting  operation  is  required 
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to  conplete  envelope  removal 

If  net  shapes  cannot  be  produced  consistently  bv  HI P-consol i dat ion , isothermal 
forging  will  be  required  to  refine  the  vane  and  blade  airfoil  shapes  In  this  case,  the 
consolidation  parameters  would  be  chosen  to  take  advantage  of  the  superplastic  properties 
of  the  matrix  allov,  thereby  minimizing  press  loads  and  die  wear  The  existence  of  a 
superplastic  matrix  is  also  expected  to  minimize  the  nossibilitv  of  fibre  damage  during 
a forging  operation 

Conventional  machining  techniques  such  as  grinding  and  milling,  can  he  used  on 
blade  roots  and  vane  shrouds  since  these  will  consist  solelv  of  matrix  alloy  If  any 
metal  removal  is  required  from  the  composite  airfoils,  more  care  than  usual  will  probably 
be  required.  A characteristic  of  composite  materials  consisting  of  a matrix  with  a 
thermal  expansion  coefficient  larger  than  that  of  the  reinforcing  fibres  is  the  presence 
of  residual  stresses  At  room  temperature,  the  matrix  is  subject  to  a residual  tensile 
stress  whereas  the  fibres  are  in  compression.  Local  heating  from  abusive  grinding  or 
machining  could  result  in  localized  yielding  or  even  cracking,  of  the  matrix  alloy. 

Pualitv  control  encompasses  the  areas  of  dimensional  control,  powder 
consol i dation , and  reinforcement  fibre  integrity  and  location 

Dimensional  control  o<"  a composite  article  at  the  time  of  manufacture  should  not 
differ  markedly  from  that  for  conventional  cast  or  forged  rurbine  parts  There  is, 
how<ver,  one  potential  problem  area  that  must  be  kept  in  mind  when  dealing  with 
composites  The  thermal  expansion  coefficient  difference  between  the  matrix  and  the 
reinforcement  fibres  results  in  the  nossibilitv  of  dimensional  change  or  distortion  as  a 
result  of  thermal  cycling  during  manufacture  or  during  use.  This  distortion  or  "thermal 
ratchetting" , as  it  has  been  called,  arises  when  residual  stresses  exceed  the  yield  stress 
of  the  reinforcing  fibres  The  amount  of  distortion  is  strongly  dependent  on  the  average 
volume  fraction  of  the  reinforcing  component  (11).  Unpublished  data  suggests  that,  at 
the  volume  rractions  required  to  meet  the  strength  goals  of  the  present  program 
(50’  or  more),  thermal  distortion  should  not  result  An  exception  to  this  conclusion 
night  be  in  localized  areas  such  as  the  trailing  edges  where  fibre  volume  fractions  as 
low  as  25"  may  result  because  of  the  need  to  maintain  matrix  protection  completely  around 
the  fibres.  Testing  of  prototype  airfoils  will  he  required  to  determine  if  thermal 
distortion  will  indeed  be  a problem  with  the  particular  matrix  and  reinforcement  under 
cons ideration . 

The  defects  leading  to  poor  quality  in  HTP-consol i dated  powder  can  generally  be 
traced  to  different  types  of  container  leaks.  One  type  is  the  loss  of  vacuum  in  the 
powder  container  just  prior  to  or  during  the  vacuum  sealing  operation  The  result  is  still 
a sealed  container  but  with  air  between  the  powder  particles.  The  reactive  alloying 
elements  combine  with  the  air  to  form  nitrides  and  oxides  on  the  surface  of  the  powder 
particles  during  HIP  processing  and  will  still  yield  an  apparently  consolidate  shape 
However,  if  one  examines  the  microstructure  of  the  matrix,  one  observes  prior  particle 
boundaries  (DPR).  The  effect  is  usually  most  apparent  in  thin  sections,  as  these  heat  up 
faster  than  the  more  massive  sections.  The  nearly  continuous  film  which  forms,  inhibits 
.ubsequent  recrystallization  and  can  result  in  poor  ductility.  Metallography  appears  to  be 
the  onlv  wav  by  which  the  presence  of  air  in  the  HIP  container  is  detectable.  It  appears 
likely  that  a metal lographic  specimen  will  have  to  be  prepared  from  each  composite 
article  This  specimen  could  be  obtained  from  the  evacuation  tube.  It  is  also  possible 
for  leaks  to  develop  during  the  HIP  process  by  the  tearing  of  welds  or  splitting  at  thin 
pots  in  the  envelope.  these  defects  will  result  in  incomplete  consolidation 

Quality  control  for  fibre  location  is  necessary  since  the  poor  oxidation 
resistance  of  tungsten  dictates  that  all  reinforcing  fibres  must  be  surrounded  by  matrix 
alloy  When  the  minimum  matrix  thickness  required  to  protect  the  fibres  has  been 
determined,  nondestructive  testing  will  be  required  to  measure  the  matrix  cladding 
thickness  It  Is  expected  that  existing  techniques  such  as  x-rav  radiography  and 
ultrasonic  testing  can  be  adapted  to  this  problem  area  The  existence  of  broken  fibres 
should  also  be  detectable  by  such  techniques. 

The  final  processing  step(s)  will  consists  of  the  application  of  an  oxidation 
resistant  coating  (if  oxidation  resistant  HIP  envelopes  are  not  used),  followed  by  heat 
treatment  Heat  treatment  would  largely  be  aimed  at  optimizing  blade  root  properties 
inee  the  operating  temperature  of  the  vane  and  blade  airfoils  will  be  too  high  to 
expect  appreciable  long  term  benefits  from  heat  treatment 

CONCLUDING  REMARKS 

A powder  metallurgy  process  has  been  develoned  on  a laboratory  scale  to  produce 
superalloy  matrix- thoriated  tungsten  composite  shapes  The  continuous  deposition  of 
hafnium  carbide  and  hafnium  nitride  diffusion  barriers  on  tungsten  wire  hv  chemical 
vapour  deposition  has  been  demonstrated.  Coated  fibres  have  been  combined  with  matrix 
alloy  tape  to  produce  composite  plies.  The  plies  can  he  stacked,  outgassed  and 
consolidated  bv  hot  isostatie  pressing,  into  near-net  or  possibly  net  composite  shapes. 

Several  factors  require  serious  consideration  before  the  proposed  process  could 
he  adapted  to  a pilot  plant  scale  for  producing,  a set  of  prototype  blades  for 
simulated  turbine  testing  Some  of  the  most  important  of  these  factors  are  - 


(a)  The  need  to  demonstrate  the  effectiveness  of  the 
diffusion  barriers  in  inhibiting  nickel  - induced 
recrystallization  for  at  least  10,000  hours. 

(b)  Creep  and  stress  rupture  properties  of  composites 
produced  by  the  proposed  process  must  meet  design 
requirement  s . 

(c)  Distortion  resulting  from  thermal  stresses  on  the 
composite  airfoils  must  be  controlled  within  acceptable 
design  limits. 
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FIG.  1 Performance  improvements  in  a regenerative  industrial  gas  turbine  engine 
by  (a)  cooling  removal  on  first  row  vanes  and  blades;  (b)  halving  first 
row  vane  and  blade  trailing  edge  thickness;  (c)  increasing  compressor 
turbine  inlet  temperature  from  1010°C  to  1060°C. 
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FIG  4 Flowchart  of  the  Westinghouse  Canada  composite  airfoil  manufacturing  process 
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FIG  b Thu  results  of  thermal  ex|K)sure  at  1?(K)°C  for  1(K)  hours  on  uncoated  and  coated 
W ?ThO^  fibres  emlredded  in  a Mar  M ?00  matrix 
<al  uncoated  fibre  showing  recrystalli/ation  (H) 

(b)  a fibre  coated  with  4 microns  of  HfC  (C)  showing  no  recrystalli/ation 
lr.)  a fibre  coated  with  4 microns  of  HfN  (N)  showing  no  recrystalli/ation 
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FIG  6 Schematic  diagram  of  the  CVD  apparatus  for  depositing  HfC  and  HfN  coatings  on 
thonated  tungsten  wire 


FIG  7 A cross  section  of  a consolidated  composite  prototype  airfoil  The  HIP  envelope  has  not  been 
removed 
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FIG.  9 Schematic  of  the  Westmqhouse  Canada  HIP  vessel  and  furnace 
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FIG  10  Typical  HIP  cycle  for  P M Mar  M 200  matrix  W 2Thoo  fibre  composite  material 
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COMMENT  ON  THE  HORT  CONTRIBUTION  NO.  7 
by 


(I 


I 


Dr.  Wirth,  DrVLF,  Germany 


As  has  been  shown  by  Mr.  Ma/ze:  in  the  previous  contribution  ( SC  7),  dispersion  hardening  of  * he  tung- 
sten fibres  by  thoria  does  not  prevent  the  nickel  induced  recrystallization  during  exposure  at  120  C for 
100  hours  (see  his  fig.  5a).  Also,  a precipitation  hardening  by  hafnium  carbide  was  not  successful  in  thin 
sense  as  can  be  seen  from  the  work  of  Oignorel I i at  NASA-Lewis.  He  claims  also  that  his  composites  could  be 
substantially  improved  by  coating  the  tungsten  fibres  with  a diffusion  barrier.  Unfortunately,  diffusi 
barriers  consist  of  brittle  ceramic  materials  like  oxides,  carbides  or  nitrides  which  tend  to  crack  due  to 
thermal  stresses  under  service  conditions.  This  fact  has  been  found  by  Kotov.  Besides  this,  the  additional 
coating  treatment  of  the  fibres  complicates  the  production  process  of  the  composite,  and  in  turn  raises 
costs.  In  searching  for  a more  economic  way  of  protecting  the  fibres  reliably  I used  another  concept  which 
allowed  the  nickel  do  diffuse  into  the  tungsten  fibres  at  service  temperature  without  causing  recrystaili- 
zation  to  a detrimental  large,  equiaxed  grain  structure.  The  concept  consists  of  a double  fibre  reinforce- 
ment (see  Figure  I).  The  tungsten  fibres  get  an  oxide  short-fibre  reinforcement,  simultaneously  produced  ir. 
situ  by  HERr-extrusion , swaging  and  drawing  of  sintered  tungsten-zirconia  p<  wder  blends.  These  tungsten 
fibres  may  afterwards  be  used  as  reinforcement  for  a nickel-base  matrix  without  a coating,  the  whole  iouble 
fibre-reinforced  composite  being  produced  by  the  same  methods  as  mentioned,i.  e.  in  the  previous  contribu- 
tion. 

The  microstructurai  stability  at  1200°C  can  be  seen  in  Figure  2 where  the  fibre-like  microstructure 
. • tungsten- 10%  ZrO,  wire  (0.8  mm  d i a . ) is  maintained  after  annealing 

1200  C in  the  presence  of  nickel  and  without  any  coating.  Co  does  not  markedly  diffuse  but  forms  bridle 
intermetallic  compounds  on  the  interface. 

Improvements  of  stress-rupture  strength  by  the  oxide  short  fibre  reinforcement  with  and  without  nickel 
is  shown  in  Figure  3.  No  detrimental  effect  of  Ni  on  the  stress-rupture  strength  can  be  detected  in  this 
case  because  the  tungsten  fibres  maintain  ‘-heir  fibrelike  microstructure.  Besides  thi  feet, 

the  oxide  short  fibres  strengthen  the  tungsten  wire  at  these  temperatures.  If  a recrystallization  of  the 
H-ZrOj  wire  occurs  at  higher  temperatures  or  prolonged  times  cf  exposure,  there  will  he  a grain  growti 
the  longitudinal  direction  because  of  the  aligned  oxide  short  fibres.  This  results  in  a large  aspect  ratio 
of  the  recrystallized  tungsten  grains  which  according  to  Wilcox  and  Clauer  exhibits  a greater  high-tempera- 
ture strength  than  a coarse  equiaxed  grain  structure. 


Ni-  su  per  alley  matr  i x 


Ox'de  short  fiber  coutinuous 

tungsten  alloy  fiber 


Fig.  Is  Principle  of  double  fibre  reinforcement  in  high-temperature  tungsten  wire  nickel-base  alloy 
composites . 
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ABSTRACT 


The  aim  of  the  present  study  »ai  to  ascertain  the  possibility  o[  obtaining  high  strength 
levels  at  intermediate  temperatures  in  experimental  cobalt-base  alloys  prepared  by  powder  metallurgy 
iP  M techniques. 

I he  lirst  part  of  the  work  concerned  P M grades  containing  in  wt.  ) 10  to  ISSgNi,  ZO^oC.r, 
10  M“  -,n(!  lP  •"  1 ■ h < ■ strengthened  mainly  by  solid -solution  effects  and  precipitation  of  c a rbides . 

1 he  se.  ••nd  part  dealt  with  P M grades  containing  (in  wt.  %)  16f.Cr,  5 to  S'*. Mo.  5%Ti  and  less  than 
hit  strengthened  by  solid -solution  effects  and  precipitation  of  the  ordered  f.  c . c . Y '-Co  Ti  inter- 
metallic  compound.  * 

I're.i  lh’ved  powders  sizing  less  than  500  m were  prepared  by  N,  atomization  and,  for  some 
: ’he  ! ' ' grades,  by  the  rotating  electrode  process.  After  consolidation  by  hot  extrusion  of 

' ne,:  FJ"w  1 :e  rs,  the  a llciy  s were  hot  worked  by  rolling  or  swa  ging  an  cl  subje  c ted  to  a fina  1 aging  t rea  t - 
ment . 

M the  present  stage  of  the  work,  ultimate  tensile  slrengths  up  to  1850  MN  m"  .t  room  tem- 
perature and  1 ISO  MN  m^  at  650*C  lZOO’F)  were  obtained  in  the  r'-Co  Ti  strengthened  alloys  Rela- 
tionships between  microstructures  and  mechanical  properties  are  discussed  in  terms  of  the  powder 
characteristics,  and  the  extrusion  and  subsequent  hot-working  and  aging  conditions. 


INTRODUCTION 

Current  developments  in  the  Held  ot  gas  turbines  for  aircraft  and  industrial  applications 
calls  for  materials  with  improved  strength  properties  at  temperatures  up  to  about  <jS0*C.  in  particular, 
such  materials  are  required  for  turbine  discs  operating  at  ever  higher  temperatures  and,  generally 
-peaking,  must  exhibit  the  following  properties 
high  and  stable  tensile  strength, 
high  resistanc  e to  low  eye  le  fatigue 
- high  resistance  to  crack  propagation, 
good  creep- rupture  strength. 

Numerous  studies  dese  ribed  in  recent  literature  have  shown  that  the  application  of  powder 
metallurgy  (1’  M>  techniques,  viz.  hot  extrusion  and  hot  isostatic  pressing  (HIP)  of  prealloyed  powders 
followed  by  conventional  or  isothermal  forging,  markedly  enhances  the  tensile  and  iatigue  strength  of 
• i ket-base  superalloys  such  as  Ren.-  «=.**),  ]N-100<**>  and  Astroloy'**'  at  intermediate  temperatures 
I 1 . In  particular,  the  Ren^  'IS  P M alloy  seems  to  be  one  of  the  strongest  materials  of  this  type,  after 
HIP  and  forging,  its  yield  strength  at  R.  T.  is  about  1250  MN  and  remains  stable  up  to  oSO’C  (2). 

1 ' >loy  |)  the  final  properties  are  highly  dependent  on 

ell  above  the  solvus  ol  the  alloy  gives  rise  to  relatively  . oarse 
equidxrd  grain  structure  with  good  stress  - rupture  lives,  forging  at  progressively  lower  temperatures 
r M produc ti  a mixed  .oarse  and  fine-grained  necklace’'  structure,  then  a very  fine-grained  structure 
with  inc  reasing  tensile  properties. 

An  important  feature  <>t  the  work  conducted  up  to  now  on  nickel-base  superalloys  is  that  the 
general  trend  has  been  to  apply  P M techniques  to  conventional  alloys  normally  used  in  the  cast  or 
wrought  conditions  At  the  very  most,  the  alloy  chemistries  have  been  slightly  modified  in  order  to  over- 
■ ome  problems  due  to  the  precipitation  of  Mt  -type  carbides  on  the  prior  particle  boundaries  (PPB)  when 
healed  for  compaction  (5) 

On  the  contrary,  the  aim  of  the  present  study  was  to  evaluate  the  possibility  of  combining,  in 
experimental  cobalt-base  P M alloys,  several  strengthening  mechanisms  (solid  solution  strengthening, 
a rbides  an.l  or  Intermeta  Uic  < om  pounds  precipitation)  with  a view  to  achieving  high  strength  levels  at' 
intermediate  tempe  ratu  re  a . 


* w"rk  performed  under  the  joint  sponsorship  of  the  Cobalt  Information  Centre  (C.I.C.)and  the 

Institut  pour  I'FncOuragement  de  la  Recherche  dans  l'lndustrie  et  l'Agriculture  (I.  R.  S.  I.  A.  ),  within 
the  framework  of  a European  Concerted  Action  on  the  Gas  Turbine  Materials  (COST  SO). 
ttl  ReriA  '15  and  Astroloy  are  trade  -rn„rks  of  General  Ele.  trie,  USA 
IN  -100  is  a trade-mark  of  International  Nic  kel,  USA 
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BACKGROUND 

As  compared  to  nickel -base  superalloys,  the  information  available  on  P/M  cobalt-base 
alloys  is  scanty.  Previous  work  conducted  on  conventionally  cast  and  ca  r bide  - strengthened  alloys  has 
shown  that  the  carbide  network  formed  during  solidification  is  completely  destroyed  by  hot  deformation 
or  processing  by  P M techniques  and  is  replaced  by  a homogeneous  dispersion  of  carbides 

Fig.  1 . illustrates  the  microstructural  evolution  of  cast  cobalt-base  alloys,  Mar-M-509  and 
Stellite  6,  during  hot  working  and  processing  by  P M techniques,  respectively  (6,  7). 

The  structural  changes  observed  have  a beneficial  effect  on  the  tensile  strength  at  intermediate  tempe- 
ratures, as  shown  in  Fig.  2 for  the  X - 40  alloy  (6,  8).  It  can  be  seen  that,  up  to  about  700°C,  the  strength 
and  ductility  of  the  forged  or  P M alloy  are  superior  to  those  of  its  cast  counterpart.  Simultaneously, 
however,  the  high-temperature  st  re  s s - ruptu  re  strength  is  decreased.  As  an  example,  the  1093°C/ 

63MN  m^  rupture  life  of  hot-worked  Mar-M-509  is  only  of  the  order  of  several  minutes,  as  compared 
with  more  than  20  hours  lor  the  cast  alloy  (6).  It  is  thought  that  this  decrease  stems  from  the  destruc- 
tion of  the  carbide  network,  which  is  normally  the  cause  of  significant  local  carbide  reinforcement. 

However,  it  is  possible  to  improve  considerably  the  stress -rupture  properties  by  heat-trea- 
ting the  hot-worked  or  P/M  materials  at  a temperature  above  the  solidus  temperature  (6,  9).  In  parti- 
cular, it  has  been  shown  for  the  X-40  alloy  that  by  applying  such  a treatment  under  pressure  in  an  auto- 
clave, it  is  possible  to  obtain,  on  extruded  P M products,  high-temperature  s tre  s s - ruptu  re  lives  consi- 
derably higher  than  those  of  the  cast  product,  though  at  some  expense  to  ductility  (9).  It  has  been  repor- 
ted that  this  improved  stre  s s - rupture  life  is  related  to  the  presence  of  a fairly  large  amount  of  "cast 
structure''  at  the  grain  boundaries,  as  well  as  to  an  increased  grain  size. 

The  aim  of  the  present  work  was  to  obtain  experimental  cobalt-base  P/M  alloys,  characte- 
rized by  a fine-grained  and  stable  microstructure,  a uniform  distribution  of  fine  carbides  and/or  inter- 
metallic  compounds,  and  a stable  dislocation  substructure.  In  this  respect,  previous  work  showed  that 
hardening  of  cobalt-base  alloys  by  means  of  uniform  precipitation  of  a f.  c.  c.  ordered  Y'  type  phase  was 
of  particular  interest  in  obtaining  high  strength  levels  at  intermediate  temperatures  (10).  This  work  also 
showed  that  among  the  various  possible  Y'-Co^X  compounds,  where  X represents  elements  such  as  Ti, 
Ta,  Nb,  Mo  or  W,  the  Y'-Co^Ti  phase  was  the  most  stable  at  elevated  temperatures. 


EXPF.RIMFNTAL  PROCEDURE. 

Materials . 

Prealloyed  powders  of  carbide  - strengthened  alloys  containing  10  to  15%  Ni,  20%Cr,  10%Mo 
and  up  to  1.8%C  were  obtained  by  nitrogen  atomization.  Powders  of  alloys  containing  1 5%Cr,  3 to  5%Mo 
0.005  to  0.  1%(  and  5%Ti  w-ere  also  prepared  by  either  nitrogen  atomization  or  the  rotating  electrode 
process  (REP).  The  purpose  of  these  powders  was  to  study  strengthening  by  precipitation  of  a Y '-Co^Ti 
type  phase,  and  their  Ni  and  Mo  contents  were  reduced  in  order  to  overcome  Y ' destabilization  (10). 

Table  I gives  the  actual  composition  of  the  powders,  including  the  O ^ and,  in  some  cases,  the 
S>  contents.  After  nitrogen  atomization,  the  content  is  relatively  high,  in  particular  for  the  Ti-con- 
taimng  powders  V 6.  in  the  carbide -strengthened  V 0 to  V 5 powders,  this  content  decreases  sharply  as 
tie  carbon  content  is  raised  up  to  about  0.6%.  On  the  other  hand,  the  REP  Ti  - containing  powders  are 

characterized  by  a low  content  of  less  than  1 00  ppm. 

The  size  of  the  powders  lies  below  400-500 U m the  size  distribution  is  illustrated  in  Fig.  3 

for  the  V 13  grade.  Figs.  4 and  5 show  that  the  powders  are  spherical  and  exhibit  a dendritic  structure. 

In  addition,  the  REP  powders  contain  pores  located  within  the  interdendritic  areas  (Fig.  5). 

Compaction  and  hot-working. 

The  prealloyed  powders  were  compacted  by  hot  extrusion  in  mild  steel  cans  45  mm  in  diame- 
ter and  100  mm  long  at  temperatures  ranging  from  1050  to  1200*C,  with  extrusion  ratios  comprised 
between  about  4.  5 and  6.2.  The  extruded  c ompac  ts  were  then  hot  worked  by  sw  aging  or  rolling  at  1 1 00*  C. 
For  the  ca  rbide  - strengthened  V 0 to  V 5 alloys,  the  amount  of  reduction  per  pass  was  limited  to  20%,  the 
total  deformation  ratio  being  of  about  50%.  For  the  Ti -containing  grades,  the  amount  of  reduction  per 
pass  was  dependent  on  the  and  C contents  in  the  powders  ; it  was  of  the  order  of  5 and  30%  for  the  V 6 
and  V 14  grades,  respectively. 


EXPERIMENTAL  RESULTS. 

Carbide  -strengthened  male  rials. 

Figs.  6 and  7 illustrate  the  microstructure  of  the  0.  03%C  and  0.  65%(  alloys  V 0 and  V 2, 
respectively,  after  extrusion  and  further  hot  working  and  aging.  The  low-carbon  V 0 grade  exhibits  a 
coarse-grained  microstructure  with  M^}(  b carbides  precipitating  on  grain  boundaries  during  heat- 
treatment.  Both  M^  3C (y  and  M7<  ^ carbides  were  identified  in  the  microstructure  of  V 1 to  V 5 grades 
the  amount  of  M7L3  carbides  increasing  with  the  carbon  content. 
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Increasing  the  carbon  content  to  above  0.  3%  gives  rise  to  an  important  grain  refinement  in  the  as -extru- 
ded condition  (Fig.  6);  subsequent  hot  working  improves  the  uniformity  of  the  primary  carbide  distribu- 
tion (Fig.  7). 


Fig.  8 shows  the  relationship  between  the  room -temperature  and  650#C  tensile  properties 
and  the  carbon  content,  after  hot  working  and  a final  800° C/48h/A C aging  treatment  to  enhance  precipi- 
tation of  carbides.  The  tensile  properties  of  the  low  carbon  V 0 alloy  are  to  be  attributed  mainly  to  solid- 
solution  and  work  hardenings.  With  increasing  carbon  contents,  the  R.T.  ductility  is  seen  to  decrease 
continuously,  whereas  the  R.  T.  ultimate  tensile  strength  first  increases  up  to  1450  MN/m^  and  then 
decreases  slightly,  for  carbon  contents  above  0.65%,  due  to  the  formation  of  increasing  amounts  of 
coarse  carbides  at  grain  boundaries. 

On  the  other  hand,  the  650#C  tensile  strength  decreases  continuously  from  about  1000  to 
800MN  with  increasing  carbon  contents.  This  variation  is  probably  related  to  the  removal  of  solid 
solution  strengthene  rs  through  formation  of  and  M7C3  carbides. 

Fig.  9 illustrates  the  eftect  of  carbon  content  on  the  650*C  stres  s - rupture  life  after  rolling 
at  l 1 00®  ( and  applying  final  800°C  48h  AC  aging  treatment,  with  or  without  an  intermediate  l200°C/lh 
solution  treatment.  The  applied  stress,  363  MN/m^,  is  that  leading  to  a rupture  life  of  1 00  hours  in  the 
as-cast  X - 40  alloy.  As  compared  to  the  X-40  alloy,  the  low-carbon  V 0 P/M  alloy  exhibits  an  improved 
stre  s s - rupture  life  after  both  types  of  heat -treatment. 

After  rolling  and  direct  aging,  the  st  re  s s - rupture  life  decreases  down  to  the  level  of  the 
as -cast  X-40  alloy  as  the  carbon  content  is  increased  up  to  about  1 %.  On  the  other  hand,  after  solutioning 
and  aging,  the  s t re s s - ruptu re  life  increases  with  the  carbon  content  to  a maximum  of  15  times  the  life 
of  as-cast  X-40  for  the  1 . ft^oC  grade  V 5.  This  relationship  probably  results  from  the  fact  that  the  car- 
bides are  solutioned  during  the  1200°C  heat  treatment  so  that  the  amount  of  grain  - boundary  carbides 
present  after  aging  increases.  As  shown  in  Fig.  10  for  the  1 . 8%C  alloy  V 5,  the  intermediate  solution 
treatment  gives  rise  after  aging,  to  a "duplex"  microstructure  in  which  coarse  carbides  are  present  in 
both  the  grain  boundaries  and  the  matrix. 

Y ' - st  rengthened  materials. 

I-  ig.  1 1 illustrates  the  longitudinal  microstructure  of  the  V 6 and  V 1 3 P/M  alloys  in  the  as  - 
extruded  condition.  Both  materials  are  characterized  by  interna  My  re  c ry  stallized  and  elongated  prior 
particles  with  numerous  fine  PPB  precipitates.  The  elongated  particles  become  finer  after  further  swa- 
ging at  1 1 00* ( , as  shown  in  Fig.  11  for  the  V 15  alloy. 

Electron  and  ion  microprobe  analyses  performed  on  longitudinal  sections  of  the  as -extruded 
V 6 alloy  showed  that  the  prior  partic  le  boundaries  are  enriched  mainly  in  titanium, oxygen  and  carbon 
Fig.  12).  The  corresponding  PPB  prec  ipitates  are  probably  Ti-rich  oxides,  in  relation  with  the  high 
oxygen  content  of  the  atomized  powders  (Table  I),  and  MC  carbides  formed  when  heating  the  canned 
powders  prior  to  compaction. 

Electron  microprobe  examinations  were  also  made  on  the  low-oxygen  REP  powders  (Table  I), 
ot  the  5'MTi -0.  1 %C  grade  V 15.  As  shown  in  Fig.  13,  the  dendritic  microstructure  of  the  as-received 
powders  is  related  to  Ii  segregation  in  the  inte rdendritic  regions.  The  dendritic  structure  tends  to  dis- 
appear alter  holding  the  powders  under  argon  for  1 hour  at  1100  to  1200®C  (Fig.  1 3).  There  is  a corres- 
ponding decrease  of  internal  Ti  segregation  but  a Ti-rich  envelope  forms  at  the  same  time  on  the  parti- 
cles. The  latter  observation  is  in  agreement  with  the  formation  of  Ti-rich  MC  carbides  on  the  PPB's 
when  the  powder  is  heated  for  compaction  (5)  and  with  the  observed  microstructure  of  the  extruded  V 15 
P/M  alloy  (Fig.  1 1 ). 

The  occurrence  of  a Ti-rich  envelope  around  the  V 15  powders  after  heat  treating  at 
1100  to  1200®<  seems  to  be  related  to  the  carbon  content,  as  confirmed  by  similar  experiments 
made  on  powders  of  two  IN-1  00  grades  containing  0.  18  and  0.  007%C  and  less  than  100  ppm  O7 . Fig.l4 
shows  that,  after  a 1150®C  1 h treatment  under  argon,  the  Ti-rich  envelope  is  observed  only  around  the 
high-carbon  IN-100  powders  it  has  been  identified  by  X-ray  diffraction  analysis  as  a carbo-mtride 
phase . 


On  the  other  hand,  transmission  electron  microscope  observations  on  the  Ti -containing  com- 
pacts reveal  a uniform  precipitation  of  small  and  coherent  partic  les  of  a f.  c.  c.  ordered  Y'-Co3Ti  type 
phase  within  the  grains  This  is  illustrated  in  Fig.  1 6 for  the  V 6 alloy  aftei  solutioning  at  1200®C  for 
1 hour  and  aging  at  800*  C for  8 hours,  f ig.  16  also  shows  that  the  y*  phase  does  not  remain  stable  du- 
ring exposure  at  800®C,  but  gives  rise  to  the  discontinuous  precipitation  of  a hexagonal  ordered  h -CojTi 
compound  starting  from  the  grain  boundaries.  This  reaction  has  previously  been  studied  in  cast  or 
wrought  experimental  c<  bait -base  alloys  strengthened  by  the  Y '-phase  M0). 

In  order  to  overcome  the  problems  associated  with  the  PPB  precipitation  of  oxides  and  MC 
particles,  and  with  the  V * ri  phase  transformation  during  heat  treatment,  further  tests  were  made  on 
RF.P  powders  of  the  grade  VI  4,  the  < and  Mo  contents  of  which  were  reduced  respectively  to  0.006  and  3% 
(Table  I).  As  shown  in  Fig.  16  for  the  as-extruded  material,  the  prior  particles  are  finely  rec rvstallized 
and  their  boundaries  seem  to  be  relatively  clean  as  compared  to  the  as -extruded  V 6 and  V 1 3 alloys 
M- ig.  II).  However,  it  has  been  shown  for  the  V 14  alloy  that  the  and  contents  increase  to  280  and 
160  ppm  respectively  after  extrusion,  as  compared  with  the  1 00  ppm  and  50  ppm  N,  determined  on  the 
as -received  powders  This  enrichment  is  probably  due  to  the  fact  that  heating  before  extrusion  was  car- 
ried out  in  air  without  prior  degasing  of  the  canned  powders. 
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( ompression  tests  performed  at  increasing  temperatures  on  the  as-extruded  V 1 l alloy  have 
shown  that  the  prior  partic  le  boundaries  tend  to  disappear  and  that  recrystallization  of  new  grains  starts 
to  occur  during  hot  working  at  temperatures  of  at  least  1100*C.  This  observations  is  in  agreement  with 
the  results  of  hardness  measurements  made  after  a 4-hour  exposure  at  inc  reasing  temperatures  which 
have  shown  that  the  intermetallic  compound  ( Y ' ' or  Laves  phase)  solvus  temperature  for  the  wrought 
, o-l  5,T*  ( r - 3 Mo-5%Ti-0.  1 *.  ( alloy  is  about  1 000-1  050*  C.  As  a matter  of  fact,  Fi  g.  1 6 shows  that  the 

microstructure  of  the  extruded  V 14  P M alloy  after  rolling  at  1100*C  is  recrystallized,  with  the  grain 
size  inc  reasing,  under  the  expe  rirr  ental  conditions  c onsidered,  with  the  total  amount  of  deformation. 

The  variations  in  hardness  as  a func  tion  of  aging  time  and  temperature  are  given  in  F ig.  17 
t * * r the  tine-grained  V'  14  P M alloy,  i.e.  rolled  in  one  blow  at  1100*C  with  30%  reduction  in  cross  section 
As  was  the  case  for  previously  studied  Y ' - strengthened  cobalt-base  alloys  (10),  the  hardness  first  in  - 
reases  for  sh  'rt  aging  periods  due  to  the  uniform  and  coherent  precipitation  of  Y 'particles.  Overaging 
urs  in  relation  with  the  y*  destabilization  giving  rise  to  the  discontinuous  precipitation  of  the  ' phase 
starting  from  the  grain  boundaries. 

Fig.  18  summarizes  most  of  the  tensile  properties  determined  so  far  on  the  Y ' -strengthened 
P M grades.  As  compared  to  the  V 1 3 alloy,  the  relatively  low  strength  and  ductility  of  the  V 6 alloy  at 
R.  I and  650*C  probably  stem  from  the  formation  of  significant  amounts  of  PPK  oxides.  The  V 1 3 alloy 
exhibits  a good  compromise  between  tensile  strength  and  ductility,  better  than  those  a hieved  with  the 
tarbide  strengthened  grades  Fig.  8),  although  the  ultimate  tensile  strength  decreases  from  about  1700 
t<»  1200  MN  m‘  as  the  test  temperature  is  raised  from  R.  T.  to  650*C. 

As  regards  the  V 14  alloy  in  the  as -rolled  condition,  the  highest  tensile  strength  levels  are 
!‘)und  in  the  fine-grained  materials,  with  ultimate  tensile  strengths  of  about  1850  and  1 350  MN  at  R.T. 
and  »»50*(  , respectively.  On  the  other  hand,  the  coarse-grained  materials  exhibit  better  tensile  ductili- 
tie  s . 


The  influence  of  a 100-hour  exposure  at  700°C  on  the  tensile  properties  of  the  rolled  material 
seems  to  depend  of  the  grain  size  and  the  extent  of  recrystallization.  Aging  the  fine-grained  material 
reduces  the  tensile  strength  at  R.  T.  and  650*C  to  about  1400  and  1 300  MN/m"  respectively,  as  well  as 
the  R.  I ductility.  These  variations  can  tentatively  be  attributed  to  grain -boundary  embrittlement  through 
transformation  of  Y ' to  n # probably  enhanced  by  the  work  hardening  of  the  microstructure.  On  the  con- 
trary, aging  the  coarse-grained  material  improves  both  tensile  strength  and  ductility,  at  least  at  650*C. 
Mic rest ructural  examinations  are  in  progress  in  order  to  clarify  the  effect  of  the  aging  treatment  on  the 
tensile  properties  of  the  rolled  V 14  P/M  alloy. 


CONCLUSIONS. 

At  the  present  stage  of  the  work,  the  following  conclusions  can  be  drawn 

- c arbide  s t rengthening  of  Co  - 1 0 to  1 5%Ni -20%Cr  - 1 0%  Mo  P /M  alloy s gives  rise  to  a moderate  tensile 
strength.  The  most  stable  properties  are  obtained  with  the  low'-carbon  0.  03%C  grade,  which  exhibits 
an  ultimate  tensile  strength  of  about  1 300  at  R.  T.  and  1000  MN  at  650*C. 

- combined  Y'  and  carbide  strengthening  in  Ti  - containing  PM  alloys  gives  rise  to  problems  related  to 
the  precipitation  of  Ti-ric:h  carbides  at  prior  particle  boundaries  (PPB)  even  with  carbon  additions  as 
low  as  0.  05  to  0.  1 

strengthening  of  Co-Cr-Mo-Ti  P M alloys  by  means  of  a uniform  precipitation  of  a Y’-Co^Ti  type  pha- 
se calls  for  the  use  of  prealloyed  powders  with  very  low  oxygen  and  carbon  contents,  in  order  to  over- 
come the  PPB  problem.  Furthermore,  the  contents  of  solid  - solution  hardeners  must  be  limited  to  less 
than  3-5°  in  order  to  restrict  the  extent  of  the  Y'-  H transformation  and  the  resultant  gra  in  - bounda - 
ry  embrittlement. 

the  tensile  properties  of  the  Y ' -strengthened  P/M  alloys  can  be  controlled  by  acting  on  the  hot-working 
conditions,  which  govern  the  obtention  of  a fine -or  coarse-grained  recrystallized  microstructure,  and 
on  the  final  aging  conditions.  } 

Ultimate  tensile  strengths  of  about  1 850  at  R.  T.  and  1 350  MN  m at  650*C  have  been  achieved  in  the 
fine-grained  Co-1  6%Cr-3%Mo-5%Ti  P M alloy  w’ith  the  corresponding  ductilities  limited  to  4%.  The 
ductility  is  markedly  higher  for  the  coarse-grained  material;  however,  the  corresponding  strength  is  limi- 
ted to  1400  at  R.  T.  and  1000  MN  at  650*  C but  can  be  improved  through  a final  aging  treatment. 

- Further  improvements  in  the  tensile  properties  should  be  possible  by  increasing  Y '-strengthening.  In 
this  respect,  work  is  in  progress  on  a Co-1  6%Cr  - 3%Mo-7%Ti-0.  005%C  P/M  alloy  prepared  by  hot 
extrusion  and  controlled  hot  working. 
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Actual  composition  (wt.  %)  of  the  prealloyed  cobalt-base  powders 
Grades***  Ni  Cr  Mo  Ti  C 

(ppm) 

N2 

(ppm) 

V 

0 

14.  9 

20.  1 

10.0 

_ 

0.  03 

703 

nd 

V 

1 

11.0 

21 . 1 

10.  5 

- 

0.  29 

522 

it 

V 

2 

14.  7 

20.  1 

10.  2 

- 

0.  65 

226 

ii 

V 

3 

14.  5 

20.  1 

10.4 

- 

0.  95 

296 

it 

V 

4 

14.  7 

20.  0 

10.  0 

- 

1 . 36 

280 

n 

V 

5 

14.8 

20.  0 

1 0.  0 

- 

1.8 

273 

ii 

V 

6 

. 

1 5.  7 

5.  0 

5.  1 

0.  05 

1806 

ii 

V 

13 

- 

1 5.  3 

3.3 

4.  5 

0.  103 

60 

16 

V 

14 

- 

16.2 

3.0 

5.  0 

0.  005 

1 00 

32 

(*)  V 0 to  V 6 powders  obtained  by  N atomization 
V 13  and  V 14  powders  obtained  by  REP 

(**)  n.d.  : not  determined 
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After  extrusion  and  hot  forging 


Ste  llite 


Y »g  2.  Pensile  properties  versus  temperature  for  as-cast,  as-forged  (5)  and  PM  (7) 
X -40  alloy. 


Fig.  1 . Microstructural  evolution  of  cast  cobalt  base  alloys  during  hot  working  (Mar-M-509) 
or  processing  by  P/M  techniques  (Stellite  6).  Magnification  : x 500 


Temperature(°C) 


A s -cast 


Sintered  for  2 hours  at  1260°C  and  forged  at 
1100°C  (Red.  in  cross-section  : 5.8). 


alloy  (6) 


Elongation 


UT.  strength 
( MN /m  2 ) 

1400i r 


As  forged 


Temperature  (°C) 


As  forged 
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Frequency  ( */#  ) 


Maxi  mum  chord 


Size  distribution  of  the  V 13  (Co-1  5Cr-3Mo-5Ti-0.  1 C)  powders  produced  by  the 
Rotating  Electrode  Process. 


Scanning  electron  micrographs  ol  the  1.  36"  (!-V  4 powders 


5 . Micros  t rue  ture  of  the  V 13  (Co»l5f’r*3Mo-STi-0.1(  ) RE  I 
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U.T.  Strength 
MN/m2 
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Life 

(hours) 


1200°C  / 1h  ✓ W.Q . + 800°C/48h/A.C 


800  °C  / 48  h / A.C 


as  - C a st  X - 40allojr_ 


Effect  of  carbon  content  on  650°C  s tress -rupture  life(applied  stress 
Co-20Cr-l  5Ni-l  OMo-C  P/M  alloys  rolled  at  1100°C 
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Pig.  10.  Optical  microstructure  of  the  1 h 
1100*C  and  heat-treating  ih  in*h. 


As  - received 
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After  a 1 200*  C/1  h/A . C . heat  treatment. 

Qualitative  electron-mic  roprobe  analysis  of  the  V 13  (Co-1  5Cr  - 3Mo- 5Ti -0.  1 C) 
REP  powders. 


0.  1 8 % C - 4 . 81  % T i - 5 . 62 
(REP  powders -44  ppm  1 


u.  007% C - 4 . 30%Ti-S.  03°:, A1 
(argon  atomized  powders  94  ppm  O . ) 


Scanning  electron  micrographs  of  IN- 100  powders  with  different  carbon  contents 
after  a 1 1 S0“  C/1  h/A  . C . heat  - treatment  (x  2000) 
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x 90. 000  x 40. 000 

-phase  transformation 

(dark -fie Id  picture) 

1-T  g.  1 S.  Transmission  electron  micrographs  of  the  V 6 (Co-1  5('r-5Mo-5Ti-0.  05C)  P M 
alloy  extruded  at  1200°C,  solution  treated  at  1200°C  ( 1 h , W.Q.  ) and  aged  at 
800°  C (8h,  A.  C.  ) 
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After  rolling  at  1100°C 

Pig.  lf>.  Optical  microstructure  of  the  V 14  (Co- 1 5Cr - 3 Mo- 5Ti -0.  0050  P M alloy. 


1-  ig.  1 7.  Hardness  evolution  versus  aging  time  and  temperature  for  the  V 1 4 T M alloy 
rolled  in  one  blow  at  1100*C  (10%  red.  in  area) 
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ADVANCED  FABRICATION  TECHNIQUES 
DISCUSSION  SUMMARY  <>l  SI  SSION  III 


l)S  M 


by 

A.  J.  Williams 

Dept,  of  Energy,  Mines  & Resources,  Ottawa,  Canada 

The  principal  discussion  of  Dr.  Arnold's  paper  (P.  6)  addressed  the  question  of  whether  an  as-HJP 
Rene  95  product  with  its  great  cost  advantage  can  be  produced  with  sufficiently  good  properties  to  satisfy 
present  Rene  95  appl icat ions . It  appears  that  General  Electric  has  done  sufficient  work  to  convince  them- 
selves that  their  as-HIP  Rene  95  with  its  ASTM8  grain  size  can  be  used  for  most  present  applications  in 
spite  of  the  loss  of  the  duplex  necklace  microstructure . Because  of  the  very  large  cost  saving  available, 
they  are  also  looking  at  the  possibility  of  substituting  as-HIP  Rene  95  for  lower  strength  superalloys  (718 
for  example ) . 

After  the  presentation  of  Dr.  Betz  and  Dr.  Schubert  (P.  7)  there  was  considerable  discussion  of  the 
unusual  scatter  in  the  low  cycle  fatigue  results  on  Udimet  700  and  IN100  at  600°C.  Z*  w*«-  established  that 
the  scatter  in  LCF  data  was  due  to  the  presence  of  many  Ti-rich  and  some  Fe-rich  inclusions,  with  the  evi- 
dence pointing  to  the  fact  that  premature  failure  occurred  when  inclusions  were  located  near  the  specimen 
surface.  The  origin  of  the  inclusions  was  not  clear  but  it  appeared  that  they  did  not  originate  during  pow- 
der handling  or  pre-treatment  of  the  pressings.  It  was  speculated  that  the  Ti-rich  ones  may  have  originated 
in  the  ingot  used  for  powder  production  and  the  Fe-rich  ones  at  the  wall  of  the  powder  production  vessel. 
Although  no  firm  conclusion  could  be  drawn  as  to  the  origin  of  the  inclusions,  the  discussion  drew  atten- 
tion to  the  necessity  for  extreme  care  in  powder  production  and  in  all  subsequent  handling  and  processing 
steps . 


Discussion  of  M.  Walder's  presentation  (P.  8)  centred  on  whether  forging  of  the  alloys  discussed  was 
really  necessary  after  HI°  consolidation,  since  the  properties  of  the  as-HIP  materials  were  virtually  the 
same  as  those  of  the  forged  materials.  M.  Lescop  explained  that  it  was  true  that  tensile  properties  were 
virtually  identical  in  both  forged  and  unforged  parts  but  that  forging  conferred  superior  LCF  properties. 
Particularly  in  Astroloy,  the  duplex  necklace  structure  with  its  concomitant  superior  fatigue  properties 
could  only  be  produced  by  a forging  procedure. 

Discussion  of  Dr.  Wallace's  paper  (P.  9)  dealt  with  the  occurrence  of  sulpho-carbide  flakes  in  super- 
alloys consolidated  by  super-solidus  sintering  und  pressure.  Relatively  few  sulpho-carbide  particles  formed 
when  the  pressing  was  done  at  sub-solidus  temperatures.  However,  when  super-solidus  sintering  was  performed 
to  achieve  the  large  grain  size  favourable  to  good  creep  properties,  the  structure  was  characterized  by 
masses  of  sulpho-carbide  flakes  at  the  grain  boundaries.  These  were  seriously  detrimental  to  ductility. 

Dr.  Wallace  postulated  that  the  presence  of  the  liquid  phase  during  consolidation  allows  the  rapid  diffusion 
of  C and  S,  and  the  gettering  elements  present  in  the  alloy  combine  readily  with  these  to  form  the  coarse 
intergranular  flakes.  He  doubted,  for  this  reason,  that  super-solidus  sintering  had  much  potential  as  a 
powder  consolidation  method. 

In  answer  to  a number  of  questions  following  his  paper  (SC  7),  Mr.  Mazzei  provided  a number  of  further 
details  of  the  proposed  manufacturing  process  for  W reinforced  composite  turbine  blades  for  ground  based 
turbine  application.  The  model  system  being  used  is  that  of  W fibres  coated  with  an  HfC  diffusion  barrier 
in  a Mar  M200  powder  matrix.  Experiments  have  been  conducted  with  composites  containing  25-65  vol  % W wire 
but  most  testing  has  been  done  on  a 50  vol  % composite.  A simulated  root  section  is  being  formed  as  an  in- 
tegral part  of  the  experimental  blade  and  the  W fibres  are  being  terminated  in  a randomized  fashion  with  an 
average  1/2-in.  penetration  into  the  root  section.  An  attempt  is  being  made  to  optimize  the  fibre  termina- 
tion method  by  finite  element  analysis.  During  lay-up  the  powder  is  handled  incorporated  in  a polymethyl 
methacrylate  tape.  If  careful  vacuum  degassing  is  employed,  the  tape  can  be  completely  removed  and  no  undue 
carbide  precipitation  or  porosity  occurs  if  low  carbon  (.02%  or  less)  powder  is  used.  An  isothermal  forging 
step  is  envisaged  as  the  final  blade  shaping  procedure.  Westinghouse  is  well  aware  of  the  potential  thermal 
fatigue  problem  with  this  type  of  composite  material.  However,  they  believe  that  the  combination  of  high 
volume  percentage  of  fibre  together  with  the  final  isothermal  forging  step  will  sufficiently  reduce  the 
tendency  towards  thermal  fatigue  damage.  Thermal  cycling  under  load  up  to  1100°C  for  two  thousand  hours  has 

not  yet  produced  any  evidence  of  thermal  fatigue  tendencies  or  barrier  coating  damage. 

During  discussion  of  M.  Drapier's  paper  (P.  10)  several  suggestions  were  made  as  to  how  to  avoid  pro- 
ducing carbides  on  particle  boundaries  during  the  processing  of  experimental  cobalt-base  superalloys,  other 
than  that  suggested  by  him  of  keeping  the  C content  low.  Work  described  by  Simms  and  Hagel  on  Rene  41  sug- 
gests that  if  consolidation  is  carried  out  at  a low  enough  temperature  (lOOO-llOOc  in  their  case)  subse- 
quent heat  treatment  produces  random  carbide  precipitation.  Therefore,  a duplex  heating  for  consolidation 
would  seem  to  be  a useful  approach  to  avoidance  of  boundary  precipitation.  The  addition  of  niobium  to  com- 
plex the  carbides  might  also  be  useful.  Very  rapid  heating  for  consolidation  would  reduce  the  time  for  dif- 
fusion of  Ti  and  C to  the  particle  surfaces  before  compaction.  In  addition  to  these  suggestions,  Dr.  Wenzel 

offered  his  view  regarding  the  mechanism  of  this  boundary  carbide  precipitation.  At  temperatures  below  the 

y’  solvus  the  free  energy  of  formation  of  y'  is  higher  than  that  of  titanium  carbide.  As  the  temperature  is 
raised,  the  y'  tends  to  go  into  solution  and  the  activity  decreases.  During  this  period,  C migrates  to  the 
particle  boundaries  because  of  the  high  dislocation  density  there.  As  the  Ti  is  released  from  the  Y'  as  the 
latter  dissolves,  it  also  migrates  to  the  particle  boundaries  where  it  reacts  with  the  C already  there  since, 
at  the  higher  temperature,  the  free  energy  of  formation  of  the  carbide  is  higher  than  that  of  the  y'. 
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COMPARATIVE  EVALUATION  OP  FORCED  T1-6A1-4V  BAP  FADE  FROM  SHOT 
PRODUCED  BY  THE  REP  AND  CSC  PROCESSES 


R F Vaughan,  P A Blenkinsop  ft  P H Morton 
Nan  Metain  Division 
Imperial  Metal  Industries  (Kynoch)  Ltd 
Vltton,  Birmingham  B6  7BA 


SUMMARY 

T1-6A1-4V  shot  was  obtained  from  two  sources,  th"  Centrifugal  Shot 
Casting  Process  (CSC 7 and  the  Rotating  Electrode  Process  (f.EP).  The  chem- 
istry and  size  distribution  of  the  two  types  of  shot  were  compared  prior  to 
an  evaluation  of  the  consolidated  products.  Alloy  shot  billets  were  produced 
by  hot  isostatic  pressing  (HIP)  and  the  mechanical  properties  of  as-HIP  and 
as-HIP  ♦ forged/ rolled  material  compared. 

The  two  types  of  shot  behaved  in  a similar  manner  and  generally  prod- 
uced microstructures,  tensile  and  fracture  toughness  properties  similar  to 
cast  and  wrought  material.  However,  the  low  cycle  fatigue  behaviour  of  the 
consolidated  material  was  inferior  to  that  observed  in  the  conventional 
product.  Internal  fatigue  origins  were  found  to  be  associated  with  defects 
in  the  shot  and  in  general  t!.a  degree  of  scatter  was  higher  and  fatigue 
strengths  were  lower  than  in  conventional  material  of  a similar  section  size. 


INTRODUCTION 

Like  other  studies  of  titanium  alloy  powder  the  present  evaluation  was  tareetted  towards  potential 
aerospace  applications  of  consolidated  material,  in  particular  use  in  rotating  aero-engine  components. 

The  technical  advantages,  which  are  expected  to  accrue  from  an  alloy  powder  route  are  summarised 
below: 

(1)  Billet  can  be  produced  which  is  free  from  contamination  bv  large  defects.  The  fine  grain  size 
should  also  iaprove  the  sensitivity  of  ultrasonic  inspection  for  defects. 

(2)  Long  range  compositional  variations  caused  by  ingot  segregation  will  be  avoided. 

(3)  Consistent  fine  grain  size  and  microstructure  will  be  achieved  throughout  the  billet.  The  fine 

structure  is  expected  to  be  maintained  in  all  parts  of  the  forging  itself. 

(4)  Aa  a result  of  2 and  3 even  large  complex  forgings  are  expected  to  possess  a higher  and  more 

consistent  fatigue  strength  and  improved  crack  propagation  characteristics. 

(3)  Greater  flexibility  will  be  possible  in  the  design  of  the  forging  route  to  the  finished  shape. 

Control  of  metal  flow  in  different  parts  of  the  forging  will  be  less  important  and  this  could 

result  in  cost  reduction. 

(6)  In  the  long  tern  new  alloys  will  be  developed  which  cannot  be  produced  by  conventional  casting 
and  working. 

The  initial  approach  to  the  question  of  titanium  alloy  powder  has  been  similar  to  that  of  other 
organisations  in  the  field.  After  first  considering  the  alternative  forms  of  powder,  le  hydride-dehydrlde, 
elemental,  gaa  atomised  and  shot,  the  conclusion  was  reached  that  the  latter  route  offered  the  best  pros- 
pects of  success,  particularly  when  interstitial  and  surface  contamination  and  ease  of  handling  were 
considered. 

The  data  presented  in  this  paper  detail  the  preliminary  evaluation  of  T1-6A1-4V  alloy  shot  obtained 
from  two  sources,  the  Rotating  Electrode  Process ( ' )(rbp)  and  from  the  Centrifugal  Shot  Casting  process'?) 
(CSC).  An  initial  assessment  of  the  shot  was  made  prior  to  consolidation  of  two  billet  sices  by  hot 
laoetatlc  pressing  (HIP).  Comparative  data  was  then  produced  on  the  mechanical  properties  (tensile,  low 
cycle  fatigue  and  fracture  toughness)  of  the  consolidated  material  both  as-HIP  and  after  rolling  and 
forging. 

assessment  op  shot 

The  T1-6A1-4V  alloy  shot  was  obtained  from  ACRE  Harwell,  UK  (CSC)  and  Nuclear  Metals  Inc,  US  (REP). 
The  details  of  the  processes  are  given  elsewhere^1 • ?). 

The  CSC  ehot  was  produced  from  a 50  am  0 x 500  aa  long  cast  and  wrought  bar.  The  shot  was  formed  in 
an  argon-helium  atmosphere  with  a yield  of  about  60)7  useable  material.  (The  yield  of  shot  is  limited 
by  the  alee  of  the  furnaoe  chamber  and  not  by  any  basic  limitation  of  the  process).  The  analyses  of  the 
starting  elsetrode  and  the  shot  are  given  in  Table  1 and  the  sieve  analysis  is  detailed  in  Table  2. 

The  corresponding  analytical  and  size  information  for  the  RKP  shot  are  given  in  Tables  1 and  2, 
respectively.  No  information  was  available  on  the  composition  of  the  starting  eleotrode  for  RKP  shot. 
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TABLE  1 

ANALYSIS  OF  SHOT  AID  ELECTRODE  MATERIAL 


Type 

A1 

V 

•t  i 

Fe 

02 

PPm 

CSC  Electrode 

6.56 

4.50 

0.14 

1600 

CSC  Shot 

6.56 

4.54 

0.16 

1650 

REP  Shot 

5.8 

4.4 

0.08 

1159 

TABLE  2 

SHOT  SIEVE  ANALYSIS 

Sieve  Size 

/in  1180  710 

500 

355 

250 

180  125 

90 

PAN 

f Retained 
Screen  CSC 

on 

0.28  5.4 

21 .79 

39.24 

21.85 

7.52  2.73 

1 .17 

0.27 

£ Retained 
Screen  REP 

on 

7.20 

26.79 

39.42  18.13 

5.83 

2.63 

CONSOLIDATION  OP  SHOT 

Although  a maber  of  consolidation  procsssea  were  considered  for  the  alloy  shot,  it  was  felt  that 
hot  isostatlc  pressing  offered  the  best  and  Boat  reliable  route,  particularly  as  comparative  data  was 
being  generated. 

Both  types  of  shot  had  a tap  density  of  about  65^.  All  encapsulation  was  in  mild  steel  cans.  IVo 
sizes  of  cans  were  used,  one  150  mm  z 25  na  and  the  other  216  mm  x 100  mm  fl.  Both  electron  beam  and 
TIC  welding  techniques  were  used  in  the  construction  and  sealing  of  the  evacuated  cans.  No  significant 
difference  was  observed  in  the  subsequent  behaviour  of  the  cans,  irrespective  of  which  welding  process 
was  used. 

All  cans  were  HIP  pressed  for  4 hours  at  a temperature  of  950°C  and  a pressure  of  1 .07  kbar.  The 
pressing  reduced  linear  dlaenslona  of  the  cans  by  about  10^.  The  slid  steel  cans  were  removed  from  the 
titanium  alloy  billets  by  machining  prior  to  further  evaluation  and  processing. 

THERM O-MBCHANICAL  PROCESSING 

(O  small  Billets 

After  removal  of  the  cans  the  billets  were  approximately  20  m fS.  A section  was  first  removed  for 
assessment  of  the  as-HIP  ♦ heat  treated  properties  of  the  material.  The  remaining  material  was  then 
rolled  at  950°C  to  12  a square;  a reduction  of  about  56^.  Both  types  of  consolidated  material  deformed 
in  an  Identical  manner,  similar  in  fact  to  the  normal  cast  and  wrought  product. 

All  samples  were  beat  treated  at  960°C  air  cooled  + 2h  at  700“C. 

(2)  Large  JUly  tj 

The  as-machined  billets  were  approximately  175  mm  x 85  mm  ().  A slice  was  taken  from  each  billet  for 
evaluation  of  the  ae-HIP  material,  and  the  remaining  material  was  forged. 

The  material  was  forged  between  flat  plattens.  A small  amount  of  preliminary  deformation  was  carried 
out  at  1125°C  to  square  the  seotlon,  but  the  majority  of  the  processing  was  performed  at  950“C,  to  50  mm 
square  (54^  deformation),  figure  1 shows  the  final  shape  of  one  of  the  forgings.  Although  some  cracking 
occurred  it  was  limited  to  the  surfaoe.  Both  forms  of  consolidated  billet  performed  in  a similar  manner, 
and  were  not  significantly  different  from  conventional  material. 

The  forged  REP  and  CSC  billets  were  heat  treated  at  960°C,  water  quenched  and  annealed  for  2 hours 
at  700*C. 

METALLURGICAL  AND  MECHANICAL  PROPERTY  EVALUATION 

The  microstructures  of  the  as-HIP  ♦ heat  treated  material,  in  both  the  small  and  large  billets 
were  very  similar.  The  only  difference  between  the  CSC  and  REP  material  (Figures  2 and  7)  was  in  the 
fact  that  the  former  contained  more  alpha  phase.  This  fact  was  due  to  the  difference  in  P trnnsus  of 
the  two  anterlale,  it  being  higher  in  the  CSC  case,  due  to  the  higher  level  of  oxygen  in  the  alloy. 

Room  temperature  tensile  values  for  the  as-HIP  ♦ heat  treated  material  (20  mm  f!)  are  given  in  Table 
3.  The  small  quantity  of  rolled  bar  produced  from  the  20  or  f billet  was  used  entirely  to  generate  low 
cycle  fatlgus  data.  All  the  testing  was  oarried  out  at  room  temperature  under  constant  lo°d  (zero 
minima)  conditions  and  a frequency  of  10  cycles/minute.  The  results  are  presented  in  Figure  4. 


Figure  1 . HTF  ♦ por#red  CSC  Shot  Billet 
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A more  extensive  mechanical  property  evaluation  was  nosaible  on  the  f orged  billet.  The  tensile 
property  levels  in  the  as-HIP  + heat  treated  condition  were  similar  to  those  observed  in  the  small 
billet  material.  Both  transverse  and  longitudinal  tensile  teBts  were  carried  out  on  the  forced  bar. 
The  tensile  results  are  presented  in  Table  3.  The  results  of  fracture  toughness  testing  in  the  trans- 
verse direction  are  shown  in  Table  4. 


TABLE  3 

TENSILE  PROPEBTIES 


Ka teri al 

0.21!  Proof 
Stress  N.mm“‘ 

UTS 

N.nm“? 

Elong  dj  So 

t 

R in 
* 

CSC  HIP  + Heat  Treated* 

957 

1075 

18 

36 

REP  HIP  + Heat  Treated* 

907 

1030 

21 

40 

CSC  HIP  + forged  + T '* 

9 22 

1038 

16 

38 

heat  treated  L ** 

94? 

1053 

15 

39 

REP  HIP  + forged  + T •* 

940 

1048 

20 

40 

heat  treated  L ** 

903 

1026 

19 

40 

Conventional  material 
(75  mm  0)  T 

951 

1032 

20 

37 

• 20  mm  0 billet 

•'  50  mm  square  forging 

TABLE  4 

FRACTURE  TOUGHNESS  PROPERTIES 


Material 

Kq  MNm' 

(50  mm  squnre^ 

REP  HIP  + forged  + 
heat  treated 

68 

(50  mr  square) 

CSC  HIP  + forged  + 
heat  treated 

67 

Conventional  material 

57 

Mlcrostructu  rally  the  materials  appeared  similar,  Figures  5 and  6 show  the  structure  in  REP  and  the 
CSC  forgings  respectively.  Figure  7 shows  the  structure  of  conventional  cast  and  wrought  billet  for 
comparison. 


Figure  5.  Mlcrostructure  of 
REP,  RIP  ♦ forged  ♦ heat 
treated  Billet  XI 50 


Figure  6.  Mlcrostructure  of 
CSC,  HIP  ♦ forged  + heat 
treated  Billot  X150 


Figure  7.  Microstructure  of 
conven'ionnl  cast  and  wrought 
Billet  XI 50 


Low  cycle  fatigue  data  was  obtained  on  longitudinal  specimens  and  is  presented  in  Figure  8 


NUMBER  OF  CYCLES 


Figure  8.  Low  Cycle  Fatigue  Data  for  Alloy  Shot  Forgings  (50  mm  square)  and  Conventional 

Billet  and  Bar 


A striking  feature  of  all  the  low  cycle  fatigue  data  was  the  degree  of  scatter  and  the  presence  of 
internal  initiation  sites.  Both  optical  and  electron  metallographic  techniques  were  used  to  study  the 
phenomenon  of  internal  initiation.  Fetallographlc  sections  through  the  REP  material  revealed  the  presence 
of  a significant  number  of  angular  particles.  Figure  9.  The  narticles  were  up  to  200 yum  long  and  were 
identified  by  electron  probe  micro-analysis,  as  tungsten.  Scanning  electron  microscopy  was  used  to  study 
the  fracture  surfaces  of  the  failed  fatigue  samples.  Figure  10  shows  the  origin  in  one  of  the  REP  spec- 
imens, while  Figure  1 1 , an  x-ray  distribution  photograph,  reveals  the  presence  of  tungsten  at  the  origin. 
In  fact  all  the  internal  origins  were  found  to  be  associated  with  tungsten  particles. 


Figure  9.  Tungsten  Inclusions  in  REP  Billet 
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'•'igure  10.  Inclusion  in  Fracture  Surface  of 
REP  Fatigue  Specimen  X120 


Figure  11.  Tungsten  X-ray  Image  of  Figure  1C 

X120 


A similar  examinat . on  was  made  of  the  CSC  fatigue  specimens.  Once  again  the  internal  origins  were 
found  tc  be  as-ociated  with  foreign  particles.  Figure  12.  In  this  particular  instance  the  oririn  was  an 
alloy  steel  shot  particle. 


Figure 


1? 


Inclusion  in  ^racture  Surface  of 
CSC  ^tigue  Specimen 


XI  SO 


DISCUSSION 

One  of  the  observations  to  come  out  of  the  results  is  that  although  there  was  a significant  differ- 
ence in  the  size  range  between  REP  and  CSC  shot  the  two  materials  handled  in  a similar  way.  No  differences 
were  observed  in  the  way  they  consolidated  or  subsequently  deformed.  The  chemistry  of  both  the  CSC  and 
REP  shot  was  controlled  and  the  interstitial  contamination  in  the  CSC  shot  was  negligible.  The  problem 
of  yield  in  the  CSC  process  appears  to  be  a function  only  of  the  tank  size  and  not  a fundamental  limit- 
ation of  the  method. 

In  general  both  consolidated  materials  behaved  in  a normal  manner  and  the  tensile  and  fracture 
toughness  levels  were  at  least  comparable  with  conventional  cast  and  wrought  material.  However,  a maior 
divergence  from  normal  was  detected  in  the  low  cycle  fatigue  behaviour  of  both  materials,  in  particular 
the  degree  of  scatter,  the  levels  of  results  and  the  presence  of  internal  initiation  sites. 

The  internal  initiation  sites  were  readily  explained  by  the  presence  of  'foreign'  particles. 

However,  the  observation  does  underline  the  necessity  of  entirely  eliminating  defects,  if  an  alloy  shot 
route  is  ever  to  be  successfully  used  far  rotating  components.  Furthermore  it  is  significant  that  only 
the  fatigue  test  revealed  the  presence  of  the  defects,  unlike  the  tensile  and  fracture  toughness  tests 
which  were  apparently  unaffected.  The  sources  of  the  defects  in  the  present  batches  of  material  are 
known.  Tungsten  particles  have  been  se^n  before  in  REP  shoti^),  and  come  from  the  non-consumable  elec- 
trode. They  could  clearly  be  eliminated  by  a change  in  the  electrode  material.  The  contamination  of 
the  CSC  shot  is  not  a basic  problem  of  the  process,  but  due  to  cross  contamination  from  previous  runs. 

The  situation  should  be  overcome  bv  the  exclusive  use  of  a furnace  for  titanium  alloy  melting  and  re- 
design of  the  tank  for  ease  of  cleaning. 

Although  the  presence  of  internal  origins  reduced  the  fatigue  life  significantly,  the  general  trend 
in  surface  init  ated  specimens,  in  both  the  small  and  large  billet  material,  was  for  lower  fatigue 
strengths  and  a greater  degree  of  scatter  than  in  conventional  cast  and  wrrught  material  of  a similar 
aection  size  (Figures  4 and  8).  It  is  perhaps  relevant  to  compare  the  results  on  alloy  shot  with  the 
fatigue  data  of  conventional  billet,  which  has  had  about  80^  work  from  the  ingot  (solid  circles  Figure 
8).  Whereas  no  internal  orielna  were  seen  in  the  conventional  material  the  scatter  in  the  fatigue  rea- 
ultn  is  similar  to  that  of  the  consolidated  materials,  which  have  had  about  work  from  the  aa-caBt 
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state.  The  microatructure  in  the  conventional  billet  (Figure  7)  is  similar,  though  slightly  coarser, 
than  the  consolidated  and  deformed  materials  (Figures  5 and  6).  An  explanation  of  the  fatigue  behaviour 
of  conventional  billet  has  been  sought  in  the  degree  of  chemical  segregation,  texture  and  grain  size. 
Work  has  shown  that  a minimum  amount  of  reduction,  of  the  order  of  100: t,  is  required  to  maximise  the 
fatigue  properties.  The  fatigue  results  of  the  consolidated  and  forged  mat-  rials  would  also  suggest 
that  further  work  is  necessary  to  maximise  the  levels.  It  could  be  argued  that  this  deformation  is  nec- 
essary to  minimise  the  content  of  micro-segregation  within  the  former  shot  particles  and  possibly  to 
strengthen  the  inter-particle  bonding.  However,  although  the  evidence  is  not  conclusive,  because  of  the 
presence  of  defects  leading  to  internal  fatigue  origin  and  premature  failure,  it  does  support  observat- 
ions of  other  workers^'  on  the  high  cycle  fatigue  properties  of  consolidated  REP  shot.  The  results 
presented  do  call  into  question  some  of  the  possible  advantages  of  the  alloy  shot  route.  In  particular 
the  claim  that,  because  of  the  fine  grain  size,  components  can  either  be  pressed  to  shape  or  nearly  to 
shape_,  requiring  either  none  or  little  subsequent  forging:  such  components  may  haye  significantly  in- 
ferior fatigue  performance  compared  with  conventionally  cast  and  wrought  materials. 

CONCLUSIONS 

1.  The  behaviour  and  perform  nee  of  CSC  and  HEP  consolidated  shot  are  rimilar. 

2.  Mi crostructur#  and  tensile  and  fracture  toughness  properties  in  HIP  and  HIP  + deformed 
materials  are  at  least  as  good  ns  -those  in  cast  and  heavily  worked  materi-1. 

3.  Scatter  and  fatigue  strengths  in  HIP  ♦ worked  material  are  inferior  to  those  in  conventional 
material  of  an  equivalent  size. 

4.  The  fatigue  properties  in  HIP  + worked  materials  are  highly  susceptible  to  the  presence  of 
foreign  particles,  which  lead  to  internal  initiation  origins. 
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SOME  COMMENTS  ON  THE  MECHANICAL 
PROPERTIES  OF  HIP  TITANIUM 

by 

Wolfgang  Keinath 
Central  Laboratory 
Messerschmitt-Bolkow-Blohm 
Ottobrunn 
Germany 


1.  INTRODUCTION  AND  SCOPE 

Titanium  users  are  interested  in  HIP  processing  because  of  the  potential  cost 
savings  in  producing  intricately  shaped  parts. 

The  feasibility  of  fabricating  complicated  shapes  in  a one-step  process  has  al- 
ready been  proven.  However,  fabrication  techniques  have  to  be  optimied  in  order 
to  obtain  high  mechanical  properties  without  sacrificing  economy. 

It  is  the  purpose  of  this  short  contribution  to  discuss  briefly  the  mechanical 
properties  of  HIP  titanium  T1A16V4  produced  under  different  conditions  and  to  in- 
vestigate the  factors  which  influence  the  fatigue  values. 

2.  EXPERIMENTAL  PROCEDURES 

2.1  POWDER 

It  is  obvious  that  the  quality  of  the  starting  material  will  greatly  influence  the 
final  material  properties.  Several  methods  for  producing  titanium  powder  have  been 
discussed  in  literature  (1),  (2),  (5),  (h).  For  the  present  investigation  only 
commercially  available  powders  have  been  used. 

Fig.  "1  shows  the  characteristics  of  three  typical  powders,  produced  by  the  Rota- 
ting Electrode  method  (REP)  or  by  Electron  Beam  Melting  (EBM).  While  the  physical 
properties,  e.g.  shape  and  microstructure,  are  similar,  there  are  important  dif- 
ferences in  the  foreign  element  content.  The  EEM  powder  shows  the  highest  purity, 
this  may  be  influenced  by  the  fact  that  it  has  been  produced  in  a pilot  plant  set- 
up. It  has  to  be  noted  that  in  the  REP  materials  contamination  was  found  to  be 
present  not  only  as  solid  solution  in  the  titanium  matrix  but  also  as  discrete 
inclusions  of  foreign  particles,  such  as  tungsten  and  the  alkali  metals.  Powders  A 
and  B have  been  produced  in  the  same  plant  but  with  modifications  to  the  operati- 
onal mode.  The  increased  purity  of  batch  B indicates  that  improvements  in  powder 
manufacturing  are  possible;  the  results  of  this  study  show  that  they  are  necessary. 

Fig.  1 also  indicates  that  there  are  considerable  differences  in  the  gas  content 
and  the  mesh  size  of  the  three  powders.  Therefore,  detailed  specifications  had  to 
be  developed  to  insure  reproducibility  of  the  final  product. 

2.2  POWDER  HANDLING 

Although  titanium  is  less  sensitive  to  oxygen  pick-up  than  superalloy  powders, 
adsorption  of  gases  and  moisture  may  be  a problem.  Therefore  three  different  ope- 
rating procedures  are  being  investigated. 
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PROCEDURE  A 

The  powder  is  stored  in  air  and  filled  into  the  capsule  without  special  precauti- 
ons. The  capsule  is  then  evacuated,  degassed  at  300°C,  for  8 hours  and  sealed. 
Several  days  may  elapse  before  HIP  processing. 

This  is  a low-cost  procedure. 

PROCEDURE  B 

The  powder  is  stored  in  a protective  atmosphere  (purified  N0).  It  is  then  trans- 
ferred to  a specially  developed  filling  station  (see  figure  2)  while  still  being 
in  a nitrogen  atmosphere.  Subsequently,  filling  station  and  capsule  are  evacuated 
and  the  powder  is  filled  into  the  capsule  under  vacuum  conditions.  After  degassing 
at  450°C  for  16  hours  the  capsule  is  sealed  and  stored  in  an  evacuated  container. 

PROCEDURE  C 

In  this  procedure  (not  yet  fully  realized)  the  powder  will  be  filled  into  evacu- 
ated containers  right  at  the  powder  production  plant.  Any  contamination  during 
shipping  and  storage  will  be  minimized. 

In  all  cases  low  alloy  carbon  steel  was  used  as  the  capsule  material.  Simulated 
production  parts  were  run  in  steel,  nickel  and  titanium  capsules  (Fig.  5). 


2.3  HIP  PROCESSING 

All  samples  were  hot  pressed  in  ASIA  ()l  1 1 1 6 presses.  AIjO,  was  used  in  some  cases  as  filling  between  samples 
as  a pressure  carry  over  medium.  Some  problems  were  encountered  in  obtaining  uniform  temperature  distribution 
along  the  specimens. 


3.  MECHANICAL  PROPERTIES 

To  find  use  in  airframe  applications,  HIP  material  must  reach  or  exceed  the 
strength  values  of  conventionally  produced  TiA16V4,  aspecially  forged  and  machined 
material.  Comparison  is  not  always  easy  because  testing  conditions  vary  widely 
between  different  laboratories. 

3.1  STATIC  VALUES 

Flgure\4  shows  the  static  tensile  properties  of  HIP  TiA16V4  obtained  with  different 
sets  of  HIP  parameters.  It  is  obvious  that  strength  values  comparable  to  forged 
material  can  be  obtained  by  choosing  suitable  pressing  temperatures.  In  the  range 
of  pressures  investigated  in  the  present  study,  there  appears  to  be  no  dependence 
of  tensile  properties  on  HIP  pressure. 

If  the  B transus  of  the  alloy  is  exceeded  during  HIP  processing,  UTS  and  YS  values 
decrease  by  10  to  15  %.  While  the  reduction  of  area  decreases,  there  is  some  in- 
crease in  total  elongation.  This  is  somewhat  contrary  to  the  results  obtained  in 
the  heat  treatment  of  conventionally  processed  material. 

It  is  interesting  to  note  that  the  static  properties  are  relatively  independent  of 
the  processing  parameters  and  of  the  soundness  of  the  material: 

Mil-specification  values  can  be  obtained  even  with  relatively  porous  structures 
and  large  quantities  of  inclusions.  Therefore,  it  is  concluded  that  HIP  processed 
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material  cannot  reasonably  be  evaluated  by  static  tensile  testing. 

3.2  FATIGUE  PROPERTIES 

Fatigue  properties  are  much  more  dependent  on  internal  defects  than  static 
properties.  They  are  preferred  for  comparison  of  different  powders  and  fabri- 
cation schemes. 

3.2.1  NOTCHED  SAMPLES 

To  evaluate  the  notch  sensitivity  of  the  material,  two  batches  of  samples  were 
tested;  one  processed  above,  one  processed  below  the  beta  transus.  In  both 
cases  procedure  A was  used,  the  samples  contained  inclusions  of  foreign  ele- 
ments. During  sample  preparation  it  was  discovered  that,  for  reasons  not  yet 
determined,  a large  number  of  specimens  processed  in  thea</B  region  contained 
some  porosity. 

However,  they  were  included  in  the  test  program  to  obtain  information  on  the 
influence  or  internal  defects. 

All  specimens  were  tested  under  tension  at  a notch  intensity  factor  = 3.2. 

The  results  are  shown  in  figure  5 together  with  mean  values  for  forged  material 
(5)  (full  line).  The  data  permit  the  following  conclusions  to  be  drawn: 

- scatter  of  data  of  the <^/S  material  is  surprisingly  small,  considering  the 
influence  of  porosity  in  some  samples 

- 13  processing  (no  porosities)  results  in  similar  fatigue  properties 

- the  fact  that  no  influence  of  porosity  is  visible  indicates  that  some  other 
factor,  too,  is  influential  in  limiting  notched  fatigue  life. 


5.2  SMOOTH  SPECIMES 

The  influence  of  processing  variables  on  the  fatigue  behavior  of  smooth  round 
specimens  has  been  investigated  extensively.  Some  typical  results  are  summaried 
in  Fig.  6 for  material  processed  under  the  following 

conditions 
Procedure  A 

curve  1 

2 

Procedure  B 
curve  3 60  min  1300  bar  920°C 

For  comparison  purposes  the  data  obtained  under  the  same  experimental  conditi- 
ons form  a forged  and  rolled  plate  are  also  included  in  the  graph.  (Directio- 
nality was  excluded  by  talcing  samples  at  90°,  45°  and  0°  to  the  rolling  direc- 
tion.) The  following  conclusions  can  be  drawn: 

p 

- Fatigue  strength  of  the  rolled  material  is  approximately  220  N/mm‘  . In  all 
cases  Hip-processed  material  is  inferior  to  conventional  titanium 

- Fatigue  strength  of  13-processed  HIP  titanium  amounts  to  160  N/mra‘  . By  c</13 

, • 

processing,  this  value  increases  to  about  180  N/mra  , Similar  values  have  been 

ji 


60  min  1000  bar  920/8?5°C 

50  min  200C  bar  1050°C 
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Riven  in  literature  (b).  The  influence  of  pressing  below  or  above  the  B transus 
on  the  fatigue  properties  corresponds  to  what  is  known  as  the  influence  of  for- 
ging temperature  (7). 

In  the  oL/C,  range  minor  temperature  variations  (920  vs  875°C)  do  not  appear  to 
have  a significant  influence  on  properties 

2 

- Controlled  powder  handling  markedly  increases  fatigue  strength  to  195  N/mm  . 


4.  DISCUSSION 

Results  obtained  to  date  show  fatigue  properties  to  be  inferior  to  those  of  forged 
or  rolled  material.  The  main  reason  appears  to  be  impurities  in  the  starting 
powder.  The  fact  that  controlled  handling  in  an  linert  atmosphere  improves  the 
mechanical  properties,  points  to  the  influence  of  adsorbed  gases  and  moisture. 
Obtaining  optimum  properties  may  well  require  an  integrated  powder  cycle,  where 
the  powder  may  stay  under  vacuum  or  in  an  inert  atmosphere  from  the  powder  produc- 
tion plant  to  the  final  filling  and  canning  installation.  Such  a system  would  cer- 
tainly influence  the  economic  picture.  However  to  date,  this  influence  of  adsorbed 
gases  has  been  shown  only  indirectly  by  comparing  mechanical  properties  of  products 
handled  in  air  or  under  vacuum.  Chemical  analysis  has  not  indicated  any  clear-cut 
diff  erences. 

While  the  effect  of  gases  is  not  yet  fully  understood,  it  is  obvious  that  inclu- 
sions play  a vital  role  in  diminishing  the  fatigue  life.  In  most  cases  the  fracture 
origin  is  well  discernible  in  broken  samples,  and  micrprobe  analysis  can  be  made. 

It  was  found  that  fractures  tend  to  start  at  inclusions,  typically  tungsten  or 
alkali  metals.  .Examples  of  inclusions  are  given  in  figures  7 and  8 both  optically 
and  by  SEN.  Fig.  9 correlates  the  fracture  origin  and  the  microprobe  data.  The  fact 
that  the  majority  of  the  broken  samples  investigated  contains  inclusions  in  the 
fracture  surface  suggests  that  these  inclusions  are  the  true  reason  for  the  relati- 
vely low  dynamic  properties. 

Elimination  of  these  impurities  should  not  be  impossible:  Tungsten  quite  certainly 
stems  from  the  W-electrodes  frequently  used  in  the  REP  processes.  Efforts  are  being 
made  to  replace  them  by  titanium  electrodes.  Careful  analysis  of  the  alkali  inclu- 
sions corroborates  the  hypothesis  that  they  may  originate  in  the  heat  shields  of 
the  REP  installation.  Here,  again,  improvements  should  not  be  impossible.  As  to  the 
use  of  EBN  powders,  results  to  date  are  somewhat  conflicting  and  will  have  to  be 
substantiated  before  final  conclusions  are  possible. 


5.  OUTLOOK 

To  be  truly  competitive  with  conventional  fabrication  methods,  the  HIP  technology 
of  titanium  will  have  to  fullfill  three  essential  conditions: 

Possibility  of  manufacturing  complicated  components 
cost  advantages 

satisfactory  mechanical  properties 

- The  first  point  appears  to  be  solved.  Even  complicated  parts  can  be  fabricated 
without  major  problems  and  with  good  dimensional  reproducibility  (Figs.  10  - 12 
show  some  titanium  airframe  parts  produced  by  HIP).  For  intricate  shapes  the 
manufacture  of  appropriate  canning  may  pose  some  problems  but  electroforming  on 
wax  or  aluminium  master  forms  has  been  found  to  be  an  elegant  solution 


- Cost  still  is  a problem.  Although  we  do  not  have  truly  detailed  calculations, 
there  appears  to  be  a cost  savings  potential  for  parts  requiring  a large  amount 
of  machining,  especially  for  hollow  parts  such  as  shafts.  Should  scrap  conver- 
sion to  powder  become  a reality,  HIP  titanium  would  appear  even  more  advant- 
ageous. 


Total  cost  for  HIP  processing  of  titanium  can  only  be  determined  after  all  tech- 
nical problems  are  solved,  especially: 

powder  characteristics 
powder  handling  and  storage 

control  of  HIP  parameters,  e.g.  uniformity  of  temperature  distribution 
micro structure 

- mechanical  properties  of  HIP  TiA16V4  still  are  to  be  improved.  The  challenge  will 
be  to  find  processing  parameters  yielding  optimum  fatigue  data  without  unduly 
increasing  cost. 
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Container  for  cylindrical  specimens 
low  carbon  steel  20 **  230mm 


Container  for  20  cylindrical  specimens 
90*»45*«240mm 

Fig.3  Container  for  fatigue  specimens 
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Fig.4  Variation  of  mechanical  properties  of  HIP  Ti  AI6V4  with  HIP  temperature 
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Fig.  12  HlP-titaniuni  part 
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HOT  ISOSTATIC  PRESSING  Ot  Ti-6Al-4V 
POWDER  FORGING  PREFORMS 


R.  E.  Peebles  (MI)  E74) 
General  Electric  Co. 
Evendale,  Ohio 
451215 


SUMMARY 


A condensation  of  the  results  obtained  from  an  Air  Force 
Materials  Laboratory  sponsored  contract,  of  the  same  title, 
(F33615-72-C- 1449)  are  reported  in  this  paper.  Data  are  pre- 
sented concerning  powder  characterization,  hot  isostatic  pressing 
(HIP)  parametric  studies,  producing  and  forging  HIP  preforms,  and 
the  determination  ol  many  mechanical  properties  from  forgings  as 
well  as  as-HIP  material  The  results  of  the  mechanical  property 
testing  are  compared  to  those  of  the  conventional  cast  and  wrought 
approach  as  well  as  to  each  other.  The  economics  of  forging  powder 
preforms,  and  of  using  the  alloy  in  the  as-consolidated  (by  HIP) 
are  discussed  as  well  as  current  problems. 


DISCUSSION 

The  objective  of  this  effort  was  to  establish  a manufacturing  method  for  producing 
aerospace  quality  titanium  parts  by  forging  hot  isos t a t ica l ly  pressed  (HIP)  prealloyed 
titanium  powder  preforms. 

To  accomplish  this  objective,  an  ingot  was  ordered  to  ASM  4928  (Ti  6A1-4V)  except 
the  oxygen  content  was  specified  at  800  ppm  (max.)  The  ingot  was  converted  to  the  appro- 
priate size  for  conversion  to  powders  via  the  rotating  electrode  process  (REP)  ol  Nuclear 
Metals,  Inc.,  via  the  hydride-dehydride  (HDH)  process  by  Numec , and  by  Timet  (Division  ol 
TMCA) . Hvdrided  (HYD) , and  crushed  powder,  per  se , produced  by  Timet,  was  also  evaluated 
The  results  ol  the  powder  characterization  indicated  the  spherical  REP  powders  contained 
a greater  fraction  of  coarser  particles  than  did  the  HDH  produced  by  either  Numec  and 
Timet,  but  contained  a larger  fraction  of  the  finer  mesh  sizes  than  did  the  HYD  produced 
by  Timet.  The  physically  apparent  differences  among  these  powders  is  indicated  in  Fig.  1. 
The  powder  particle  size  and  shape  are  believed  to  be  the  major  determining  factors  which 
resulted  in  the  differences  in  the  vibrated  theoretical  densities  (TD)  : REP  - 651  to  66',, 
HDH  - 511  to  52%,  and  HYD  - about  54%.  The  results  of  previous  efforts  indicated  a high 
(—60%  TD)  tap  density  is  required  to  prevent  the  metal  container,  used  in  this  effort, 
from  wrinkling  in  the  autoclave  at  temperature  and  pressure.  A reproducible  vibrated 
density  is  necessary  since  this  characteristic  determines  the  amount  of  powder  required 
to  lill  the  container  tor  consolidation.  Decreased  vibrated  theoretical  densities  are 
tolerable  with  other  container  systems,  but  it  must  be  reproducible  from  lot  to  lot. 

The  chemistry  ol  the  billet  and  the  powders  (Table  1)  indicated  the  REP  did  not 
appreciably  alter  the  chemistry;  the  Numec  HDH  shows  about  a 200  ppm  increase  in  oxygen 
content:  and  the  Timet  HYD  indicated  about  an  800  ppm  increase  in  oxygen  as  well  as  a 
minor  amount  < residual  chlorine  inherent  in  its  process  at  that  time. 


TABLE  1 

MAJOR  CHEMISTRY  - WEIGHT  PERCENT 
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It  was  determined  that  the  REP  powder  could  be  outgassed  at  room  temperature  with  no 
detrimental  effect,  but  all  other  types  required  hot  outgassing  to  prevent  contamination 
of  the  consolidated  billet,  presumably  as  a result  of  adsorbed  water  vapor  on  the  high  sur- 
face to  volume  angular  powder  particles.  It  was  also  determined  the  minor  technical  benefit 
obtained  trom  using  a selected  screen  fraction  could  not  be  economically  justified.  These 
conclusions  are  based  on  the  results  of  density,  microstructure,  room  temperature  tensile 
properties,  and  Kq,  a measure  of  fracture  toughness  as  determined  by  a slow- bend  pre-cracked 
Charpy  specimen  fracture. 
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A hot  isostatic  pressing  (HIP)  parametric  study  was  performed,  based  on  a statis- 
tical plan,  to  determine  the  effect  of  temperature  - 14501  (790C) , 15501  (845C)  17501 

( 955C)  and  18601  (10150 : ol  pressure  - 1000  psi  (6.9  MPa).  4000  psi  (27.6  MPa),  8000  psi 
(55.2  MPa),  10.000  psi  (68.9  MPa),  and  15,000  psi  (103  MPa);  and  of  time  (0.5,  1,2,  and 
3 hours) . 

Four  teen  different  autoclave  cycles  were  made  in  a unit  similar  to  the  one  indicated 
in  figure  2.  A preferred  cycle  of  17501  - 10,000  psi  - 3 hours  (955C-68.9  MPa  - 3 hrs) 
was  selected  based  on  the  results  of  theoretical  density,  room  temperature  tensile  pro- 
pel ties  and  Ky . The  REP  powder  was  selected  because  of  its  superior  properties,  especially 
Kg  its  higher  vibrated  density;  and  its  capability  ol  being  cold  outgassed. 

The  preferred  forging  parameters  were  determined  by  the  use  of  live  (5)  subscale  llat 
forging  preforms  all  consolidated  in  one  autoclave  cycle  at  the  preferred  HIP  parameters 
(figure  1).  Included  in  the  same  autoclave  cycle  were  two  as-HIP  parts.  The  forging  of 
the  live  subscale  preforms  plus  a section  ol  the  six  inch  (15.24  cm)  billet,  used  as  feed 
material  to  the  various  powder  production  processes,  was  accomplished  on  a highly  instru- 
mented press.  Panel  reductions  of  20%,  35%,  and  50%  at  1750F  (9550  in  the  alpha  plus 
beta  temperature  lield  were  imparted  in  one  operation:  whereas  reductions  of  35%  and  50% 

were  imparted  via  "conventional"  beta  processing  in  two  operations,  the  first  forging 
blow  above  the  beta  transus  temperature,  and  the  final  30%  reduction  being  imparted  in 
the  alpha  plus  beta  field  in  a separate  operation.  The  wrought  billet  was  forged  35%  via 
the  alpha  plus  beta  forging  procedure;  i.e.,  one  operation  at  a 1750F  (955C)  in  the  alpha 
plus  beta  temperature  regime. 

The  room  temperature  tensile  properties  and  fatigue  strengths  of  the  six  forged 
conditions  indicated  the  50%  panel  reductions  by  both  forging  procedures  was  preferred. 

A preform  was  designed  to  be  forged  in  the  finish  dies  to  produce  an  actual  J79  first 
stage  compressor  disk.  These  preforms  were  machined  for  two  reasons  (1)  the  forgeability 
of  an  as-HIP  surface  was  unknown;  and  (2)  the  capability  of  the  preform  source  to  produce 
preforms  to  tight  dimensional  tolerances  was  unknown  (up  to  this  time  dimensional  accuracy 
had  not  been  a requirement).  To  obtain  material  in  the  as-HIP  condition  for  a side  by 
side  comparison  with  the  forged  preforms,  two  parts  of  different  configurations  were  con- 
solidated in  the  same  autoclave  cycle  as  the  forging  preforms.  The  two  configurations 
are  shown  in  Figure  4. 

The  forging  sub-contractor  forged  two  powder  preforms  in  one  blow  in  the  alpha  plus 
beta  temperature  field,  and  two  powder  preforms  via  "conventional"  beta  forging  practice, 
imparting  a total  of  approximately  50%  panel  reduction  in  all  cases.  The  forgeability 
was  excellent,  although  probably  influenced  by  the  excellent  surface  finish  and  weight 
control  (Figure  5).  All  six  parts,  four  forged  and  two  as-HIP,  were  non-destructively 
tested  (NOT)  via  fluorescent  penetrant  inspection,  X-Ray  and  ultrasonics.  All  passed  the 
current  GE  standard,  although  the  ultrasonics  did  indicate  some  marginal  areas,  which  will 
be  discussed  later. 

The  three  conditions  were  subjected  to  extensive  laboratory  mechanical  property 
testing,  consisting  ol  room  and  600F  (315C)  tensile  properties,  creep,  stress  rupture, 
not ch- time-f r ac ture , high  cycle  fatigue  (smooth  and  notched,  Kt  40)  low  cycle  fatigue, 
fracture  toughness,  crack  growth  rate,  and  Charpy  impact.  In  all  testing  modes  all  pro- 
perties met  the  AMS  4928  requirement,  except  the  strength  of  the  as-HIP  material  was 
2-3  KSI  (13.8  - 27.6  kPa)  low,  a result  of  the  unusually  low  oxygen  content  of  this 
material  (600  ppm  vs.  the  normal  1600  to  1800  ppm)  and  the  lack  of  residual  warm  work 
from  forging.  It  is  anticipated  that  higher  oxygen  material  would  increase  the  strength, 
with  only  minor  effects  on  the  other  mechanical  properties  tested. 

The  technical  feasibility  of  using  as-HIP  material  was  proven  in  this  effort.  The 
one  problem  currently  associated  with  this  technology  is  the  presence  of  inclusions, 
primarily  tungsten,  as  shown  in  Figure  6a.  The  source  of  this  type  of  inclusion  is  the 
non-consumable  tungsten  electrode  used  in  the  REP  process.  (A  current  AFML  funded  con- 
tract with  NMI  is  directed  toward  exclusion  of  all  material  other  than  titanium  from  the 
REP  process).  Although  these  inclusions  were  present,  as  indicated  by  X-Ray  evaluation 
of  failed  tensile  bars,  no  failure  of  any  te  throughout  the  entire  contract  effort  could 
be  attributed  to  an  inclusion  of  any  kind.  The  marginal  areas  noted  during  the  ultra- 
sonic NDT  were  probably  inclusions;  however,  this  was  not  proven.  The  inclusion  shown 
in  6b  was  identified  as  pure  chromium,  the  source  of  which  has  not  been  identified.  It 
is  shown  to  indicate  the  potential  problem  of  cross  contamination  in  any  powder  metallurgy 
process  regardless  of  alloy.  This  potential  problem  may  only  be  alleviated  by  extreme 
care  in  all  phases  of  powder  making  and  handling,  rigidly  controlled  by  excellent  quality 
control  procedures. 

A rather  careful  economic  analysis  indicated  about  a 5 to  15%  cost  reduction 
potential  through  the  use  of  the  forging  preform  technology.  The  larger  portion  of  this 
cost  savings  comes  from  somewhat  decreased  material  input  (and  consequently  less  final 
machining)  and  from  the  reduced  number  of  forging  operations.  The  fact  that  forging  re- 
mains a necessity  decreases  the  cost  reduction  potential. 

A much  greater  cost  reduction  may  be  realized  through  the  use  of  as-HIP  to  near-net- 
shape  (NNS)  technology.  An  In-depth  study  of  three  rotating  components  indicated  cost 
reductions  ol  30  to  40%  should  be  achievable.  The  hot  isostatic  pressing  to  NNS  technology 
is  being  developed  under  an  AEMI,  sponsored  contract  scheduled  for  completion  late  in  1976 
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or  early  1977. 
high  quality  T1 


With  the  NNS  technology  coming  to  fruition  in 
alloy  powders  the-  entire  technology  should  he 


the  same  time  frame  as 
"ready  to  lly". 
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FIGURE  1.  SCANNING  ELECTRON  MICROSCOPE  (SEM)  PHOTOS  OF  THREE  TYPES  OF  Ti-6A1-4V  POWDER 
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FIGURE  4.  FORGING  PREFORMS  AND  AS-HIP  DISKS  FIGURE  5.  POWDER  PREFORMS  FORGED  TO  J79  DISK 

CONFIGURATION  VIA  TWO  FORGING  SCHEDULES 
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Tungsten  Inclusion  in  As-HIP  Disk 


Pure  Chromium  Inclusion  in  Beta  Processed  Disk 


FIGURE  6.  INCLUSIONS  LOCATED  VIA  RADIOGRAPHY 
ISOLATED  BY  METALLOGRAPHY  AND 
IDENTIFIED  BY  MICROPROBE 
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WELIABILITY  OF  HOT  ISOSTATICALLY  PRESSED 
PREALLOYED  TITANIUM  6A1-4V  POWDERS 
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I . imTODUCTION 

A recently  aonpleted  study  by  Peebles,  l^surrmry  results  of  which  are  presented  in  this  report  (Short 
Contribution  Number  9,  Session  TV),  shewed  that  hot  isostatic  pressing  (HIP)  of  rotating  electrode  (REP) 
prealloyed  Titanium  6A1-4V  pcwier  produced  fully  dense  forging  preforms.  A current  study  by  Fleck  (2)  is 
attempting  to  demonstrate  the  capability  of  producing  near  net  parts  for  use  in  the  as-HIP  condition  with- 
out secondary  working  operations  and  with  total  cost  reductions  of  up  to  50%.  It  is  therefore  ctesirable 
to  determine  as  many  applications  as  possible  for  applying  this  developing  technology.  Since  many  air- 
frame and  engine  parts  require  welding,  the  powder  metallurgy  product  must  be  weldable  if  useage  is  to  be 
maximized.  Althou<#i  some  preliminary  work  has  been  done  to  determine  the  weldability  of  consolidated 
titaniun  pewder,  no  systematic  study  has  been  carried  out.  Therefore,  this  study  was  undertaken  to  gain 
a better  understanding  of  the  weld  characteristics  of  the  as-HIP  product  in  anticipation  of  future 
requi  rements . 

Wo  prealloyed  Ti  6A1-4V  powder  shapes  were  investigated:  REP  spherical  powder  (Nuclear  Ftetals,  Inc.) 

and  H/DH  irregular  pewder  (Nimec) . Both  types  were  evaluated  after  3 different  time-tenperature-pressure 
HIP  combinations.  In  addition,  a fourth  HIP  cycle  above  the  beta  transus  was  conducted  with  spherical 
prwder  only.  Welding  was  conducted  on  as-coRpacted  material  using  the  bead-on-plate  gas  tungsten  arc 
technique  with  full  penetration  and  constant  weld  parameters.  Weldments  were  evaluated  by  bend,  tensile, 
and  touchiness  testing  in  conjunction  with  radiographic  and  metallographic  techniques. 

II.  EXPERIMENTAL  PROCEDURE 

A.  Material 

All  starting  material  was  from  the  same  heat  of  Ti  6A1-4V  alloy  purchased  to  AMS  4928  except  that 
a lew  oxygen  content  (800  p[xn  maximum)  was  specified  bo  allow  for  potential  pickup  during  powder  production 
and  handling.  The  chemistries,  mechanical  properties  and  microstructure  of  the  starting  materials,  full 
characterization  of  the  starting  powders,  and  canning,  outgassing  and  oonpaction  techniques  used  are  given 
in  the  report  by  Peebles,  m Seven  compacts  from  Phase  I of  the  Peebles  study  were  selected  for  weldability 
evaluation  to  cover  a range  of  compaction  parameters  including  a cycle  known  to  yield  less  than  fully  dense 
oorrpacts.  The  HIP  parameters  used  for  both  pewder  types  are  shown  in  Table  I.  In  order  to  perform  weld- 
ability tests,  the  as  received  ampacts  were  decanned  and  rachined  into  flats.  Fiqure  1 shows  a typical 
decanned  oonpact  and  the  final  flats  obtained. 

B.  Welding 

Specimens  were  welded  in  the  as-HIP  condition.  All  specimens  were  pickled  in  a HNO3-HF  acid 
solution  prior  to  welding  to  remove  any  surface  contamination.  Full  penetration  bead  on  plate  gas  tungsten 
arc  welds  were  made  using  10.5V  desp,  190  amp.,  and  5.5  ipm  travel  speed  (21.8  Kj/in.  energy  input).  Argon 
was  used  for  the  shielding  gas  with  the  torch  operated  at  15  cfh,  trailing  30  cfh  and  backing  15  cfh. 

C.  Testing 

Tensile,  face  bend,  and  slew  bend  Charpy  testing  along  with  microhardness  measurements  were  used 
to  characterize  the  neehanical  behavior  of  the  welded  HIP  powder  product.  All  tests  were  conducted  in 
laboratory  air  at  room  tenperature.  The  face  bend  specimens  (approxinetely  7 in.  long,  1.5  in.  wide  and 
0.10  in.  thick)  were  ground,  polished,  and  pickled  to  remove  any  surface  contamination  occurring  after 
the  weldinq  operation,  these  specimens  were  bent  in  the  longitudinal  direction  with  the  face  of  the  weld 
in  tension.  Guided  bend  test  procedures  were  followed  with  the  die  radii  between  2 inches  and  3/4  inches, 
the  radius  of  the  die  used  prior  to  failure  was  recorded  and  the  elongation  (in  one  inch)  measured  for 
each  specimen,  the  longitudinal  weld  guided  bend  test  was  used  in  order  to  determine  the  ductility  of  the 
wilded  sanples.  This  test  is  preferred  since  all  portions  of  the  weld  zone  (FZ,  HAZ,  Base)  are  strained 
ojually,  therefore  giving  useful  ductility  data. 

ftunm  tenperature  tensile  tests  transverse  to  the  weld  bead  were  conducted  with  a standard  sheet 
specimen  geometry  with  a 1 inch  gauge  length.  Slew  bend  fracture  toughness  determinations  were  nade  in 
the  heat  affected  zone  and  fusion  zone,  using  precracked  Chirpy  V-notch  specimens  of  .125  inch  thickness, 
in  conjunction  with  a Minlabs  Model  5B-750  tester  at  a crosshead  speed  of  0.1  in. /minute.  The  load- 
deflection  curves  recorded  allcved  the  determination  of  Kq  values  using  the  methods  roeomnended  in  ASTW 
Standard  T399  for  1-point  bend  specimens  and  rising  load  conditions. 

III.  RESULTS 

The  results  of  transverse  tensile  tests  on  as-welded  REP  and  H/DH  pewder  consolidated  under  different 
oonpact ion  parameters  are  presented  in  Table  I.  In  all  cases  the  specimens  failed  in  the  base  netal  with 
properties  similar  to  typical  wrought  Ti-6A1-4V  weldments.  longitudinal  bend  tests,  Table  II,  showed  that 
the  fusion  zone  was  the  initiation  site  for  fracture.  As  the  bending  strain  was  increased  the  cracks  grew 
outward  through  the  HAZ  and  base  metal.  The  slew  bend  precracked  fracture  toughness  results  are  also  pre- 
sented in  Table  1.  It  can  be  seen  that  the  fusion  zone  and  HAZ  both  exhibited  superior  toughness  to  the 
alpha-beta  HIP  base  metal  and  inferior  values  to  the  beta  HIP  oorrpacts.  Although  a direct  quantitative 
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comparison  of  these  data  cannot  be  irade  since  the  base  metal  specimens  were  of  a different  thickness 
(standard  Charpy  size  of  0.394  indies  as  opposed  to  0.125  inches) , the  trend  that  was  exhibited  has  been 
previously  reported^)  for  alpha-beta  processed  versus  beta  processed  material. 

In  most  cases  the  weldinq  of  HIP  specimens  presented  no  problems  when  compared  to  H-6A1-4V  wrought 
product.  Figures  2 and  3 are  montages  of  the  microstructures  of  weldments  of  REP  and  H/DH  compacted 
powders,  respectively.  As  would  be  expected  the  fusion  and  near  heat  affected  zones  of  each  are  similar; 
however  larqe  differences  did  occur  in  the  middle  and  far  HAZ,  as  will  be  discussed  later. 

Although  there  was  no  difference  in  the  fusion  zone  microstructures  of  the  two  powder  types,  there 
was  considerable  difference  in  the  tendency  for  void  formation.  Porosity  was  encountered  in  all  H/DH 
welds  although  compacts  H/DH6  and  H/DH7  were  determined  to  be  fully  dense.  The  occurrence  of  this  porosity 
was  not  the  result  of  poor  weld  process  control,  since  no  voids  were  evident  in  the  starting  and  stopping 
wrought  T1-6A1-4V  tabs.  Likewise,  no  porosity  was  encountered  in  fully  dense  REP  conpacts. 

IV.  DISCUSSICN 

It  became  apparent  during  this  investigation  that  density  determinations  of  conpacted  powders  alone 
were  insufficient  to  describe  the  iraterial's  weldability.  Fully  dense  material,  as  determined  volumet- 
rically  can  still  have  porosity  or  lack  of  bonding  at  the  individual  particle  interfaces  in  the  base 
material.  Although  this  type  of  defect  was  very  fine  (and  not  observable  optically),  the  stresses  and 
heat  supplied  during  voiding  were  sufficient  for  voids  of  large  diameter  to  form,  presumably  by  coales- 
cence, in  the  fusion  zone.  In  the  instances  where  porosity  was  more  extensive,  as  in  the  case  of  material 
measured  volumetrically  as  99.9%  dense,  it  trade  the  material  unvxildable  due  to  outgassing  in  the  fusion 
zone  with  the  resultant  lack  of  penetration.  This  is  clearly  shown  on  the  welds  of  oonpact  H/DH5,  a 
montage  of  which  is  shown  in  Figure  4.  A quantitative  image  analysis  (using  a Quantimet  Model  720)  of  the 
base  metal  region  of  Figure  4 showed  2.7  + .5%  porosity.  During  welding,  the  arc  became  unstable  and,  as 
shown  in  Figure  5 erratic  penetration  resulted  in  a very  poor  underbead. 

In  order  to  rationalize  these  results,  it  is  necessary  to  discuss  the  relative  ease  of  oonpaction  of 
these  two  different  types  of  powders.  Compacted  under  the  same  conditions  R1  and  H/DH5  achieved  different 
densities  as  previously  noted.  The  fact  that  REP  can  achieve  vibrated  packing  densities  of  greater  than 
6j%  of  the  theoretical  density  and  that  H/DH  powder  with  51%  vibrated  density,  required  cold  isostatic 
compaction  prior  to  HIP  to  achieve  a comparable  density  is  indicative  of  the  effect  of  shape  and,  to  a 
lesser  extent,  particle  size  distribution  on  achievable  packing. 

The  H/DH  powder  typically  has  a B.E.T.  surface  area  of  .060  m^/g  as  opposed  to  a value  of  .009  m2/g 
for  the  REP  powder.  This  six  fold  difference  in  surface  area  is  particularly  significant  in  titanium 
alloys  where  the  tendency  for  contamination  by  gas  adsorption/absorption  readily  occurs.  These  differences 
in  particle  share  and  specific  surface  area  affect  compaction  and  later  the  tendency  for  void  formation 
during  welding.  The  base  microstructures  of  both  types  of  powder  compacts  from  the  1700F/8000psi/3hr  HIP 
cycle  are  shown  in  Figure  6.  The  hydride-dehydride  compact , 6a,  shows  irreqular  boundaries  at  the  particle 
interfaces  with  evidence  of  recrystallized  equiaxed  alpha.  In  addition,  stored  work  is  evident  as  seen  by 
the  bending  of  the  acicular  platelets  showing  that  the  powder  has  mechanically  deformed  as  it  joined  to- 
gether during  cold  compaction  or  early  in  the  HIP  cycle.  This  is  less  evident  in  the  R3  compact,  6b,  where 
an  apparently  strain  free  acicular  structure  with  very  few  prior  particle  interfaces  is  seen. 

Linear  porosity  in  the  fusion  zone  adjacent  to  the  heat  affected  zone  was  always  observed  in  conpacts 
of  H/DH  powder.  In  order  to  determine  that  this  porosity  was  not  a result  of  residual  hydrogen,  a special 
blank  was  welded  and  then  dehydrided  in  a vacuum  furnace  at  1500F  for  6 hours.  A second  weld  was  made  on 
the  same  plate  and  it  can  be  seen  in  the  radiograph  (Figure  7)  that  the  porosity  was  still  evident.  It  is 
unlikely  that  hydrogen  is  the  cause  of  this  porosity.  In  fact,  chemical  analysis  showed  that  the  second 
pass  was  trade  when  the  total  hydrogen  content  of  the  plate  was  only  27  parts  per  million.  The  origin  of 
the  linear  porosity  in  the  weld  zone  is  believed  due  to  adsorbed  gases,  other  than  hydrogen,  on  these  very 
high  specific  surfaces.  The  linear  porosity  encountered  in  H/DH  conpacts  did  not  appreciably  affect  the 
properties  measured  in  this  investigation;  however,  it  is  anticipated  that  property  degradation  vrould  have 
occurred  if  fatigue  tests  had  been  performed. 

The  fracture  toughness  in  the  heat  affected  zone  and  fusion  zones  in  all  but  the  beta  processed,  R4, 
oonpact  stowed  higher  values  than  the  base  material,  as  mentioned  earlier.  This  was  not  an  effect  of  the 
powder  but  a result  of  the  change  in  microstructure  from  that  of  equiaxed  alpha  particles  to  a more 
acicular  structure.  In  the  R4  oonpact,  since  the  entire  material  was  beta  processed  and  exhibited  an 
acicular  structure,  the  fracture  toughness  of  the  heat  affected  and  fusion  zones  in  fact  was  slightly 
lower  because  the  rapid  cooling  rates  in  these  zones  did  not  allow  the  platelets  to  grew  to  sufficient 
thickness  for  optimum  tou^ness. 

V.  CCNCUISIONS 

This  study  has  stown  that  rotating  electrode  process  (REP)  powder  consolidated  by  hot  isostatic 
pressing  (HIP)  is  weldable;  whereas,  hydride-dehydride  (H/DH)  process  powder  compacts  consistently  exhibited 
linear  porosity  in  the  fusion  zone  and  hence  nay  not  be  acceptable  for  some  applications.  Of  the  two  powder 
types  evaluated,  the  REP  powder  appears  less  sensitive  to  the  requirements  for  full  density.  The  porosity 
encountered  in  the  H/DH  powder  conpacts,  as  exhibited  before  and  after  welding,  is  attributed  to  the  hi<£i 
specific  surface  of  the  powder  and  therefore  the  greater  amount  of  adsorbed  or  absorbed  gases  ancVor  other 
contaminants  which  persist  through  the  HIP  cycle.  Both  powder  types  have  acceptable  as-welded  tensile,  bend, 
and  toughness  properties  after  HIP. 

This  stuiy  suggests  that  a simple  bead  on  plate  type  weldability  test  rray  be  a useful  technique  for 
screening  as  consolidated  powder  compacts  prior  to  further  processing. 
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TABLE  I AS  WELLED  PROPERTIES  OF  HOT  ISOSTATICALLY  PRESSED  Ti-6A1-4V 


Yield  Ultimate  Reduction  Fracture  Toughness 
Compact*  Density  Strength  Strength  of  Area  Elongation  Base  HAZ  Fusion  Zone 
Number  HIP  Parameters  ksi  ksi  Z Z ksi/Jn 


R1 

1550*F/10ksi/2hrs 

>99.9 

129 

133 

33 

10 

92 

59 

59 

H/DH5 

99.9 

N 

0 T WE 

L D A B L E 

R2 

1750‘F/IOksi/Ihr 

100 

113 

123 

36 

11 

51 

56 

55 

H/DH6 

100 

119 

132 

27 

8 

98 

59 

55 

R3 

1750*F/8ksi/3hrs 

100 

111 

129 

38 

11 

58 

53 

55 

H/DHZ 

100 

120 

131 

26 

11 

96 

55 

58 

R9 

1750”F/10ksi/1hr  plus  100 

111 

122 

27 

10 

63 

59 

56 

1860*F/10ksi/1/2hr 

Wrought  

100 

125 

133 

30 

8 

51 

56 

57 

. R - 

Rotating  Electrode 

Powder 

H/DH  - 

Hydride/Dehydride  Powder 

All 

specimens  failed  in 

THE  BASE 

MATERIAL 

TAB1£  II 

AS  WELDED  IDNGITODINAL 

Radius  of  Die 
at  Onset  of 
Cracking 

BFMD  PROPERTIES 

ZElongation 

IN  1 INCH 

Crack 

Initiation 

Site 

R1 

7.5t 

6.7 

FZ 

H/DH5 

NOT  WELDABLE 

R2 

7.5t 

7.1 

FZ 

H/DH6 

7.* 

8.6 

FZ 

R3 

10t 

5.1 

FZ 

H/DH7 

10t 

6.3 

FZ 

R4 

7.5t 

7.4 

FZ 

Wrought 

7.5t 

9.4 

FZ 

'*•>"  r 


I'  12-1 


NEAR-NET  POWDER  METALLU  RGY  AIRFRAME  STRICTURES 

R.  II.  Witt 
Group  Head 

Advanced  Materials  anil  Processes  Development 
Grumman  Aerospace  Corporation 
Plant  12,  Department  117 
Rethpage,  N.Y.,  11714,  I'.S.A. 


SI  M MARY 


Interest  in  Powder  Metallurgy  (P/M)  for  titanium  airframe  parts  has  been  directed  toward  reduction  or 
minimization  of  the  acquisition  cost  of  titanium  alloy  parts  such  as  those  produced  from  machined  forgings  or  plate. 
As  a result,  efforts  are  being  directed  primarily  toward  the  use  of  P/M  techniques  to  produce  near-net  shapes. 

Most  airframe  parts  with  large  potential  cost  savings  have  deep  pockets  and  cannot  be  easily  densified  to  close  to 
final  dimension  using  conventional  powder  metallurgy  processes  (e.g.  cold  press-sinter,  hot  pressing).  This  paper 
deals  primarily  with  results  of  studies  related  to  this  challenge  and  die  following  approaches: 

• Cold  isostatic  pressing  (CIP)  and  sintering 'to  produce  high-density  preforms  for  subsequent  hot  forging 
to  full-density,  near-net  shapes 

• Hot-pressing  (III’)  of  shapes 

• Hot  isostatic  pressing  (HIP)  to  full-density  , near-net  shapes  in  a one-step  operation. 

The  primary  titanium  alloys  investigated  in  such  work  have  been  Ti-GAI-lV  and  Ti-fiAl-6V-2Sn.  Advantages, 
lis advantages,  technological  and  economic  considerations  are  summarized  for  each  approach  and  potential  future 
airframe  applications  are  presented. 


INTRODi  'C  TIC  I N 

The  high  cost  of  manufacturing  titanium  hardware  using  conventional  techniques  such  as  forging  and  machining 
has  been  a definite  deterrent  to  the  use  of  titanium  alloys  in  die  aerospace  industry  except  where  absolutely  required. 
This  high  cost  is  due  primarily  to  die  limitations  on  producing  close-to-final-shapc  parts.  For  example,  it  is 
often  necessary  to  buy  five  to  ten  times  the  amount  of  titanium  alloy  that  actually  is  used  in  the  aircraft.  Most  of 
die  alloy  is  machined  into  scrap.  The  ratio  of  the  original  forging  weight  to  die  final  machined  weight  of  the  finished 
part  is  known  as  the  buy -to -fly  ratio  (BFR).  This  problem  has  manifested  itself  in  recent  years  on  major  aircraft 
such  as  die  F-14,  F-15  and  R-l  programs.  The  materials  utilization,  therefore,  is  poor  and  in  the  present 
economy  it  becomes  extremely  important  for  aircraft  manufacturers  to  seek  methods  of  manufacture  of  components 
which  can  maintain  economy  with  i|uality.  For  titanium  to  be  competitive  in  many  future  applications,  it  is 
absolutely  necessary  that  costs  be  cut  effectively. 

Since  the  late  sixties  ami  early  seventies,  attempts  have  been  made  to  employ  various  powder  metallurgy 
techniques  to  produce  near-net  shapes  in  titanium  alloy  to  effect  such  potential  savings.  The  following  P/M 
techniques  have  been  considered  critically  to  attempt  to  produce  typical,  deep-pocketed  airframe  parts  such  as 
those  shown  in  Figure  1: 

• Cold  pressing  (CP)  or  cold  isostatic  pressing  (CIP)  and  sintering 

• G1P,  sinter  ami  forge  or  extrude 

• CIP,  sinter  and  hot  isostatic  pressing  (HIP) 

• Hot  Pressing  (1IP) 

• Direct  Ilil’  of  billets,  preforms  or  shapes 

Listed  )><•  low  are  the  se<|uential  steps  involved  in  manufacturing  typical  forgings  by  conventional  forging 
techniques  ami  those  involved  in  producing  close-tolerance  forgings  utilizing  elemental  powder  metallurgical 
preforms,  as  an  example  of  an  essentially  one-step  operation. 


Fig.  1 lensile  Properties  of  Close-  Tolerance,  Low  Draft-Angle  Experimental  Part 
Isuthermally  Forged  From  Ti-GAI-IV  Powder  Preforms 
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Convents ma : I i gin^  Setjurnt  < 

1.  Cut  stock 

2.  I pset  (Dtp  No.  1) 

:t.  Block  (Die  No.  2t 
4.  Trim 


1*.  M.  Forging  Sequence 

1.  Isostatic  Consolidation  (1’VC  molds) 

2.  Vacuum  Sinter 

3.  Forging  (Die  No.  1) 

I.  Hand  Finish 


5.  Semi-Finish  (Die  No.  3| 

fi.  Trim 

7.  Finish  Form  (Die  No.  4| 

8.  W arm  Trim 

9.  Hand  Finish 

N u that  the  1'  M forging  MM  unit  one  forging  operation.  Hie  preform  used  could  alternately  lie  fibril  add 
by  HIP  or  In  some  cases  by  IIP. 

In  die  following  sections,  results  are  briefly  summarized  for  CIP  processes,  hot  pressing  arid  direct  HIP 
processes.  A concluding  sec  tion  summarizes  results  and  possible  future  trends.  The  prime  factors  considered 
throughout  these  evaluations  were: 

• As-compacted  properties 

• Near-net  shape  proihiction  capability 

• Cost 


CIP  PROCESSES 

In  the  sixties  it  was  found  that  CIP  plus  sintering  of  Ti-(>A1-4V  titanium  alloys  could  produce  from  90  to  981? 
dense  compacts  having  tensile  strengths  above  110  ksi  with  decent  elongations  at  the  higher  densities.  Since  these 
properties  were  encouraging,  but  not  adequate,  it  was  then  considered  possible  to  reach  specification  minimum 
requirements  by  using  powder  compacts  for  preforms  and  then  forging  or  extruding  to  obtain  the  necessary 
properties.  In  the  following  paragraphs,  results  obtained  with  forgings  are  discussed  but  extrusions  are  not 
included  for  one  primary  reason,  namely,  the  Investigation  was  concerned  with  processes  that  can  produce  net 
components  at  minimum  cost. 

Two  approaches  have  been  investigated  in  producing  CIP  plus  sintered  preforms  for  forgings  mainly  based  on 
the  type  of  powders  employed: 

• Pre-alloyed  powders 

• Soft  blended  elemental  with  master  alloy  powders 

ilte  former  has  the  advantage  that  the  alloy  is  homogeneous  ami  gi  nerally  the  problem  of  segregation  is 
eliminated.  In  both  processes,  it  appeared  that  use  of  hydride-dehydride  (1IDH)  powders  might  add  to  cost- 
effectiveness  by  using  scrap  as  feed  material,  but  to  date,  high-quality  powders  have  not  been  produced  from  scrap 
feed  material. 

It  is  to  be  noted  that  in  these  studies  only  powders  made  from  sponge  or  by  the  HDH  process  were  utilized. 
Spherical  powders  such  as  those  produced  by  the  rotating  electrode  process  (REP)  cannot  be  cold -com  parted 
effectively  and,  therefore,  were  considered  only  in  later  hot-pressing  and  HIP  studies. 

The  CIP  consolidation  process  utilizes  preshaped  flexible  molds  which  arc  filled  with  powders,  evacuated, 
and  subjected  to  the  required  pressure  in  either  liquid  or  gaseous  medium.  In  the  course  of  the  consolidation 
operation,  pressure  is  applied  uniformly  over  the  surface  of  the  mold  resulting  in  a uniform  "green"  density 
distribution.  The  Isostatic  consolidation  process  permits  manufacturing  of  preforms  close  to  the  required  con- 
figuration, thereby  increasing  freedom  In  design  of  complex  forgings  and  n inlml/ing  material  waste.  Hydraulic 
isostatic  presses  equipped  with  compression  chandlers  up  to  1(>  Inches  in  diameter  and  6 feet  in  length  are  currently 
in  commercial  use.  Installation  of  larger  chambers  is  being  contemplated  by  many  Industrial  concerns. 


Controlled  vacuum  sintering  is  required  for  parts  that  have  been  cold-compacted.  Sintering  takes  place  between 
2250° F to  2450°F  usually  in  two-  to  four-hour  cycles. 

In  using  pre-alloyed  powders  (Ref.  1),  it  was  found  that  as-sintered  densities  normally  ran  between  85  to  90': 
of  theoretical  ami  It  was  necessary  to  develop  multiple  steps  to  fabricate  a component.  The  Initial  operation  for 
sealing  surface  porosity  was  critical  to  ultimately  produclnr  parts  of  acceptable  quality.  This  initial  forging  step 
ami  subsequent  reconditioning  of  the  surface  seemed  to  be  difficult  to  apply  to  deep-pocketed  parts. 

Therefore,  an  Investigation  commenced  (Ref.  2)  which  determined  the  feasibility  of  manufacturing  close-tolerance, 
low-draft-angle  T1-6A1-4V  forgings  from  preforms  fabricated  from  elemental  powders.  In  the  course  of  this 
program,  forging  processes  ami  powder  selection  studies  were  initially  performed  prior  to  producing  the  part 
shown  In  Figure  1 for  subsequent  mechanical  property  evaluation. 

In  the  course  of  the  work,  five  preform  vendors  were  utilized.  All  employed  powders  produced  from  sponge 
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except  one,  which  used  HDH  powders.  Three  forging  processes  were  also  evaluated,  namely,  conventional  die 
forging  (800°F),  high-energy-rate  forging  (HERF-400“F)  and  Isothermal  forging  (1 650/1 750"F). 

All  preforms  in  the  forging  process  selection  studies  were  manufactured  by  isostatic  pressing  of  elemental 
powders  at  60  ksi  and  sintering  at  2250°F  in  vacuum  at  10”’  torr.  The  characteristics  and  properties  of  the 
powders  and  preforms  utilized  are  summarized  in  Tables  I and  II.  litis  powder  had  a relatively  high  NaCl  content 
(0.25  percent)  but  was  used,  since  some  data  Indicated  that  residual  chloride  could  be  removed  by  modification  of 
the  sintering  process  performed  by  the  selected  vendor.  Electron-beam  welding  and  chemical  studies  performed 
later  did  not  confirm  this  information  (Figure  2).  Nevertheless,  the  work  confirmed  the  fact  that  isothermal 
forging  gave  100'  dense  parts.  The  other  processes  each  indicated  residual  porosity  even  after  reductions  as 
high  as  45'  ,'.  Tensile  evaluations  of  isothermally  forged  parts  that  had  been  stress  relieved  at  1300°F  for  two  hours 
showed  that  tensile  and  yield  strengths  exceeded  requirements  of  Mil-T-9047,  but  elongation  values  were  low, 
around  5 percent.  However,  later  work  on  isothermal  forging  HDH  powders  in  powder  selection  studies  showed 
that  the  specification  minimum  elongations  of  1 0 could  be  exceeded  consistently.  The  preform  variables  used 
in  these  studies  are  presented  in  Table  III.  As  indicated,  only  the  forgings  produced  from  elemental  HDH  titanium 
blended  with  Al-Y  master  alloy  powders  exceeded  specification  requirements.  Complete  densification  could  not 
lx-  obtained  in  forgings  proparol  from  powder  blends  which  were  prepared  from  Na-  and  Mg-redueed  sponge,  even 
though  proprietary  processes  were  employed  to  improve  powder  characteristics. 

It  is  noted  that  complete  densification  was  also  obtained  when  pre-alloyed  HDH  powders  were  forged  under 
identical  conditions.  However,  properties  were  drastically  reduced.  It  was  found  in  metal lographic  evaluations 
that  an  intergranular  network  (probably  oxide)  was  the  cause  of  nil  ductility  and  low  strength.  These  preforms  had 
a density  of  less  than  90'.  (Table  III)  and  contained  interlocking  porosity.  This  indicates  on  an  exaggerated  scale 
what  can  happen  when  pre-alloyed  powders  are  used  for  CIP  + sintered  preforms  and  surface  porosity  is  not 
properly  sealed  prior  to  forging. 

Forgings  prepared  from  blends  containing  titanium  powders  processed  by  vendors'  proprietary  purification 
techniques  hail  elongation  values  in  the  range  of  7 to  9 ., . 

Forgings  prepared  from  blends  which  contained  titanium  powder  manufactured  from  the  sponge  exhibited  low- 
elongation  properties  anil  contained  extensive  regions  of  microstruetural  inhomogeneity.  Constant-amplitude, 
axial  tension-tension  (R  - 0.1)  fatigue  tests  indicated  the  endurance  limit  (1 07  cycles)  of  forgings  prepared  from 
hydride/dehydride  titanium  and  Al-Y  master  alloy  powders  to  be  in  the  range  of  55  to  75  ksi  for  unnotched 
specimens.  It  is  believed  that  these  results  could  be  improved  hy  additional  thermal  treatment.  Notched  fatigue 
specimens  (Kt  = 4)  indicated  a 10'  cycle  endurance  limit  of  approximately  23  ksi,  which  compares  favorable  with 
conventional  material. 

Coated  specimens  subjected  to  1750°F/1  hr  treatments  in  an  air  furnace  revealed  no  indications  of  thermally- 
induced  porosity  for  the  elemental  powder  approach  whereas  the  ones  made  from  pre-alloyed  powders  showed 
porosity. 


Table  I Characteri- tics  of  Elemental 
Powders  Utilized  ii  the  Course  of 
Preliminary  Studies 


COMPOSITION,  WT  % 

ELEMENT 

ELEMENTAL 

Al  V 

MASTER 

SINTERED 

Ti  POWDER 

ALLOY 

PREFORMS 

C 

0.01 

N.D. 

0.02 

N 

0.013 

N.D. 

0039 

O 

0.10 

0.07 

0.18 

H 

0 004 

N.D. 

0.002 

Na 

0099 

N.D. 

N.D. 

Cl 

0 15 

N D. 

N.D 

Al 

o6.59 

642 

V 

41.67 

4.15 

NOTE  N O NOT  DETERMINED 

SCREEN  ANALYSIS  (TYPICAL) 

MESH 

PERCENT 

100  ♦ 200 

42 

200  ♦ 325 

32 

325 

26 

Table  11  Some  Physical  and  Mechanical 
Properties  of  Sintered  Preforms 


PROPERTY 

VALUE 

DENSITY  (%  THEO  CllCAU 
TENSILE  1TP**  H f KSI 
vif  i ii  fT  Ml  NOTH  1 1 1 

ELONGATION 
R A % 

94  6 95  1 
114  122 
97  104 
3-7% 

4 8 7.0 

METALLOGRAPHY  NO  t VIOENCE  Of  GROSS  VOIDS.  IN 
CLUSIONS.  OR  INHOMOGENEiTY 
RADIOGRAPHY  MEETS  AMS  263b  EILM  DENSITY  RE 
OUIREMENTS 


Table*  in  Properties-' Isothermal  Forgeability  Study 


The  final  task  of  the  program  to  produce  prototype  bulkhead  parts  employed  HDH  elemental  titanium  blended 
with  Al-V  master  alloy  powder  preforms.  Isothermal  forging  took  place  above  1650°F  following  preheating  to 
1750°F  prior  to  forging.  Fully  dense  forgings  were  obtained  except  at  the  top  of  the  rilxs  where  the  compressive 
forces  were  rv»t  adequate.  The  lack  of  work  was  confirmed  by  coarser  grain  sizes  in  these  locations.  One  other 
problem  was  experienced  with  die-ejection  pressures  which  resulted  In  deformed  webs  in  the  part.  This  appears 
to  be  related  to  proper  lubrication  otherwise  draft  angles  may  have  to  Ik?  Increased.  As  a result  of  these 
investigations,  it  was  concluded  that  further  studies  are  required  to  optimize  preform  configurations ‘anti 
temperature  controls  in  the  forging  operation  to  provide  improved  microstructural  control  ami  adequate  lateral 
metal  flow  under  compressive  stresses  in  all  parts  of  a complex  forging.  Much  work  is  also  required  on 


VENDOR 

A 

B 

C 

D 

POWDER 

E + MA 

PREA 

E ♦ MA 

E ♦ MA 

E ♦ MA 

E ♦ MA 

TYPE 
T.  POW 
DER  MFG 

H/D 

H/D 

PROP 

EXP  PROP 

CR  ♦ P (PROP.) 

MG  RED 

COMP  AC 

ISO 

ISO 

ISO. 

ISO 

ISO 

MECH 

TION 

COMPO 

SITION 

STD. 

STD. 

ELI 

STD. 

ELI 

STL*. 

NO  OF 

4 

2 

6 

1 

6 

6 

PREFORMS 

DENSITY. 

% THEOR 

98  MIN 

"90 

95  MIN 

98.5  MIN 

94  MIN 

N D. 

FORGED 
DENSITY 
% THEOR 

100 

100(1) 

(3) 

(31 

(31 

(3)  (2) 

VKSI 

1524 

71.2 

1404 

1453 

125  6 

150.2 

82  3 

140.0 

144  8 

115.0 

VKSI 

151.7 

(4) 

138  4 

138.2 

124 

148.0 

(4) 

139  0 

138  8 

(4) 

ELONG  % 

14 

NIL 

9 

7 

1 

d" GAGE 
LENGTH) 

13 

1 

8 

8 

NIL 

MIL  T 9047  REQUIREMENTS  F^  1 30  KSI  MINIMUM 
F - 120  KSI  MINIMUM 
ELONG 10%  MINIMUM 
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(4)  PREMATURE  FAILURE 
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ISO  ISOPRESSED 
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lubrication  technl((ucs  and  wavs  to  lower  part  ejection  pressures  after  forging.  It  was  also  surmised  that  a process 
such  as  ini’  might  he  capable  of  producing  100',  dense  preforms,  which  should  Improve  forgeability.  This  is 
discussed  further  in  a subsequent  section. 

llo  r PRESSING  (IIP) 

I his  process  utilizes  hot  pressing  in  a direct  vacuum  or  an  encapsulating  method  employing  vacuum  techniques, 
fonvair  Aerospace  has  reported  results  of  their  approach  (patent  pending)  which  employs  the  latter  technique 
(ltef.  3). 

Advantages  claimed  for  the  process  Include  the  following: 

• Potential  cost  savings  In  reducing  machining  and  affording  material  reductions  of  70  to  80  . 

• Dense  titanium  allo\  parts  with  fine  and  uniform  grain  structure 

• Pensile  properties  equivalent  to  wrought  alloys 

• essentially  a one-step  process  (some  surface  machining  may  lx-  required  though). 

• No  draft  angles  re<|uired  in  too  I s 

• High-temperature  alloy  tools  are  reusable 

• No  precompacting  required 

• Relatively  low  pressures  are  adequate 

• Parts  with  deep  pockets,  differing  radii  and  wall  thicknesses,  tapered  walls,  bosses,  etc. , are  possible. 

• Parts  can  lie  nondestructively  tested  for  porosity  or  impurities  (advantage  claimed  over  diffusion 
bonded  parts). 

The  properties  of  HP  parts  at  99.5',  density  levels  in  T1-6A1— IV  are  listed  in  Table  IV  and  compared  with 
CIP  sintered  and  ('IP,  sinter,  forged  properties.  Four  complex  fittings,  each  nine  inches  square  with 
1 1 '2-inch-deep  pockets  and  different  wall  thicknesses  and  radii , were  hot  pressed  by  Convair.  The  parts  were 
fine-grained,  hardness  HOIU-  and  tensile  properties  were  equivalent  to  those  of  wrought  Ti-(1A1-4V  alloy. 

Fracture  toughness  was  equivalent  to  castings  or  wrought  metal.  Flexure  fatigue  life  at  10',  of  flexure  ultimate 
load  exceeded  10'  cycles,  but  tension-tension  fatigue  showed  an  endurance  limit  of  only  50  ksi.  No  doubt  this 
was  caused  by  residual  porosity. 

This  process  is  capable  of  producing  some  complex  shapes  but  it  suffers  from  the  following  limitations  of 
die  compaction  techniques: 

• Cannot  compact  parts  with  re-entrant  angles 

• Confined  to  pressing  relatively  simple  shapes  with  moderate  I./I)  ratios 

• Densities  attainable  are  only  99.5  of  theoretical  fatigue  properties 

Mainly  because  of  the  latter  limitation,  this  process  can  only  be  used  for  secondary  structures  in  the 
airframe  industry  . To  develop  full  fatigue  properties,  it  is  necessary  to  forge  to  final  shape.  No  data  have  been 
reported  on  forged,  hot-pressed  parts,  however. 

HOT  ISOSTATIC  PRESSING  (HIP) 

The  HIP  process  consists,  in  essence,  of  encapsulating  metallic  powders  in  suitably  shaped  (shells)  molds, 
evacuating  ami  sealing  the  mold  assembly,  and  positioning  it  in  a high-temperature/pressure  autoclave  designed 
to  contain  gaseous  media  (Fig.  3).  in  the  course  of  the  HIP  cycle,  built-in  heaters  Increase  the  temperature  of 


Table  IV  Comparison  of  IIP,  CIP  * Sinter  and  CIP,  Sinter  + Forged  Properties 


PROPERTY 

HP 

CIP»SINTER 

CIP.  SINTER  FORGE 

• DENSITY,  % THEORETICAL 

99  5 

95/98 

100 

• TENSILE 

FUC  KSI 

135.1 

110/125 

148 

F.y.KSl 

122.2 

99/110 

143 

% ELONGATION  (I") 

14.2 

7/12 

11 

E DO6 PSD 

16.5 

- 

17  0 

• FRACTURE  TOUGHNESS,  KSIy/lN 

60* 

- 

65 

• CHARPY  V NOTCH 

IMPACT  STRENGTH  (FT  LBS> 

165 

- 

• FATIGUE  LIMIT,  KSI.  (I07CYC) 

K,*» 

50 

- 

55  75 

K,-4 

- 

22  5 

"KQ 
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1 POWDER  2 MOLD  3.  OUTGASSING 


4 HIP  5.  100%  DENSE 

CONTOURED  SHAPE 

Fig.  3 Fundamentals  of  the  HIP  Process 

the  mold  to  its  softening  range  and  the  applied  pressure  is  transmitted  through  the  walls  of  the  mold  to  the 
enclosed  charge.  By  the  combined  action  of  temperature  and  pressure  the  powder  can  be  consolidated  into  100'* 
dense  shapes  of  desired  configuration  in  a one-step  operation. 

Compared  with  P/M  processes  discussed  previously,  HIP  offers  a number  of  unique  ail  vantages.  Some  of  the 
following  may  ultimately  become  important  for  airframe  applications: 

• Process  gives  loo'll  dense  configurations  in  one-step  operation 

• Highly  alloyed  powders  can  be  used 

• Fabrication  of  complex  configurations  with  close  tolerances  is  potentially  feasible 

• Original  fine-grain  microstructure  can  be  retained 

• Substantial  cost  savings  can  be  realized  through  reductions  in  excess  material  and  machining  time 

• F.xploratory  studies  have  shown  that  tensile  properties  of  hot  lsostatfcally  pressed  parts  meet  forging 
specification  requirements  when  proper  parameters  are  used. 

The  above  potential  advantages  of  the  process  are  based  on  preliminary  investigations  (Ref.  4)  on  pancake-type 
compacts  and  some  initial  work  on  making  a 1.5-pound  shape  (Figure  4).  Most  of  this  work  was  accomplished  using 
a process  patented  by  Crucible  Materials  Research  Center  which  utilizes  ceramic  molds.  Another  process  patented 
bv  the  Kelsey -Hayes  Company  which  employs  vitreous  molds  has  been  utilized  to  a limited  extent. 

One  important  aspect  of  this  process  is  that  the  apparent  density  (tap  density)  of  the  powder  is  important  ami 
should  be  the  maximum  attainable  for  packing  into  molds.  Spherical  powders  are  preferred.  For  example,  HUH 
powder  does  not  have  a high  apparent  density  ami  was  not  used  in  these  studies.  Powders  produced  at  Nuclear 
Metals  Corp  by  the  rotating  electrode  process  (REP)  are  spherical  and  exhibit  excellent  packing  characteristics. 
Most  of  the  work  we  have  done  on  HIP,  therefore,  has  been  with  REP  powders. 

The  component  shown  in  Figure  4 was  HIP-processed  using  the  Crucible  process  and  while  feasibility  is 
shown  for  near-net  shapes  further  work  is  required  to  meet  engineering  drawing  requirements.  Some  tradeoffs  will 
most  likely  have  to  be  effected  before  compliance  is  ac  hieved. 

In  this  work  the  importance  of  oxygen  content  of  powder  ami  processing  parameters  on  tensile  properties  is 
noted  from  the  results  of  various  HIP  cycles  on  TI-6A1-4V  powder  as  shown  in  Table  V. 

Figure  5 shows  tens  ion -tens  ion  fatigue  results  for  material  processed  at  HI  P cycles  significantly  above  and 
below  the  beta  transus  in  comparison  with  annealed  plate  as  a baseline.  Fatigue  limits  above  70  ksi  appear  to  be 
attainable,  but  further  work  is  required  on  components  to  compare  results  directly  with  forged  pieces. 

Work  on  TI-6AI-6V-2Sn  in  powders  shows  similar  trends  for  tensile  (Figure  6)  and  fatigue  properties.  The 
oxygen  content  in  this  case  appears  to  have  a more  inportant  bearing  on  the  properties  attainable  for  the  processing 
times  utilized. 

The  fracture  toughness  of  HIP  materials  also  appears  to  be  acceptable  (Table  VI).  These  results  generally 
are  equivalent  to  recrystallized  annealed  titanium  alloys. 

In  general,  it  can  be  concluded  that  the  HIP  process  exhibits  significant  potential  to  continue  work  to  determine 
its  niche  in  producing  net  or  near-net  shapes.  The  most  critical  requirement  found  so  far  appears  to  be  the  fatigue 
properties  attainable.  Should  future  investigation  show  that  forging  is  re<|utred,  extensive  work  will  have  to  be 
directed  toward  preform  design  studies  coupled  with  optimization  of  the  forging  process  itself  for  producing  net 
shapes. 

CONG  LESION 

The  major  advantages  ami  disadvantages  of  P/M  techniques  for  producing  airframe  components  have  been 
presented  throughout  the  foregoing  discussion  of  various  processes.  The  major  incentives  towards  using  P/M 
techniques  for  airframe  components  is  predominantly  economic  for  reasons  explained  in  the  Introduction  relative 
to  cost  of  machined  forgings  and  the  effect  of  the  BFH  on  usage  of  titanium.  Some  technological  advantages  may 
also  be  found  but  it  is  too  early  to  define  where  these  exist. 
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Fig.  I Fuselage  I 'race  Produced  by  HIP 


Table  V K fleet  of  HIP  Cycle  and  Oxygen  Content  on 
Tensile  Properties  (T1-6A1-4V) 


OXYGEN 

CONTENT. 

PPM 

HIP  CYCLE 
TEMP  /PRESS  /TIME 
F/KSI/HR 

Ftu< 

KSI 

K§1 

ELONG. 

% 

REDUC 
AREA. % 

1000 

1750/15/2 

124.3 

113  7 

17  5 

44  3 

1 140 

1550/15/3 

135  5 

126  2 

18  3 

42  b 

1140 

1550/15/1 

137.1 

128  8 

16.7 

36  8 

1 140 

2250/10/1 

130  4 

126  9 

7 5 

17  2 

HIP  TEMPERATURE.  F 


Fig.  5 Teas  lie  Properties  of  HIP  Tl-fiAMV 


It  Is  believc<l  at  present  that  HIP  of  fully  (lease  preforms  and/or  near-net  shapes  would  have  a great  Impact 
on  production  of  deep-pocketed  shapes  that  presently  are  produced  from  machined  forgings.  Such  components 
are  mainly  used  In  fuselage,  wing  and  nacelle  or  related  structures.  In  these  areas,  titanium  alloys  may  give 
aluminum  and  steels  more  competition.  If  the  savings  promised  by  utilisation  of  I'/M  to  produce  net-shapes 
ultimately  materialized. 
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Fig.  6 Tensile  Results  of  HIP  Tl-fiAl-6V-2Sn 


Table  VI  HIP  Tl-6-6-2  and  Tl-6-4  Fracture  Toughness 
Properties  (1400  PPM  Oxygen) 


ALLOY 

HIP  TEMP,  °F, 
POWDER  MESH 

FRACTURE  TOUGHNESS  (Kq). 
KSt  INCH14 

AVG 

Ti  6AI 
6V  2Sn 

1650.  35 

67.5 

70.5* 

688 

70.9* 

695 

68.6 
70  7 

1650,  100 

53.0 

54.0 

63.3 

56.6 

1800,  35 

71.8 

73.2 

76.9 

74.0 

1800,  100 

60.4 

63.8 

65  3 

63.2 

< 

> 

1550,  35 

62.3 

66.1 

68.5 

656 

On  the  basis  of  results  obtained  for  HIP  mechanical  properties,  there  Is  a good  possibility  that  an  essentially 
one-step  consolidation  process  from  powder  to  component  will  be  fully  developed  for  some  alloys.  However,  If 
the  results  are  not  repeatable  on  scale-up,  or  If  forging  quality  cannot  be  attained.  It  will  be  necessary  to  provide 
mechanical  deformation  to  assure  meeting  specification  requirements. 

The  greatest  limitations  to  advancement  lie  In  the  following  areas: 

• Sources  of  non-contamlnated,  reasonably  priced  powders  with  good  apparent  densities 

• Limited  number  of  processes  for  HIP  of  near-net  shapes. 

• Limited  availability  of  HIP  retorts  of  adequate  size 

• Need  to  run  extensive  dimensional  runs  on  each  new  component  to  be  fabricated  to  establish  net 
dimensions  ami  finalize  tooling. 

• If  HIP  parts  must  be  given  further  work,  methods  of  defining  preform  shapes  must  be  perfected 

• The  need  for  data  on  mechanical  properties  of  as-IlIP  or  as-forged  surfaces  Is  lacking 

perhaps  the  greatest  limitation  at  present  Is  the  degree  of  acceptance  by  airframe  designers  for  P/M 
products.  Such  acceptance  can  only  be  advanced  after  experience  Is  gained  with  actual  flight  hardware. 
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DISCUSSION  SUMMARY  OF  SESSION  IV 
by  Robert  F.  Geisendorfer 

The  discussion  of  Session  IV  centered  on  attempts  to  explain  the  differences  in 
test  results  shown  between  European  and  American  studies  of  consolidated  prealloyed  REP 
titanium  powders,  principally  tensile,  toughness,  and  high  cycle  fatigue  properties  and 
the  effect  of  inclusions  on  fracture  behavior.  Other  topics  discussed  were  canning 
techniques  and  the  possible  effect  of  the  canning  material  on  consolidated  powder  prop- 
erties, powder  purity  and  standards  to  control  it,  comparative  tooling  needs,  and  the 
prospects  for  increased  powder  usage  in  aerospace  component  fabrication. 

Considerable  discussion  was  prompted  by  the  suggestion  that  the  very  low  oxygen 
level  (600  ppm)  of  the  material  evaluated  in  the  American  study  (R.E.  Peebles)  contri- 
buted a level  of  forgiveness  or  tolerance  to  defects  or  inclusions  that,  although  pre- 
sent in  the  material  of  each  study,  were  found  associated  with  specimen  fracture  initi- 
ation sites  only  in  the  European  studies  (P.A.  Blenkinsop,  W.  Keinath).  It  was  further 
suggested  that  perhaps  the  way  to  insure  good  toughness  in  a titanium  structure  is  to 
lower  the  oxygen  content.  However,  it  was  quickly  pointed  out  that  oxygen  has  histor- 
ically been  needed  for  strength  and  designers  would  be  reluctant  to  accept  lower 
strength  for  most  applications.  It  was  further  suggested  that  perhaps  the  oxygen  level 
should  be  shown  along  with  the  tensile  properties.  (It  should  be  noted  here  that  the 
low  oxygen  level  of  material  in  the  Peebles  study  was  specified  to  allow  for  pickup 
during  powder  production  and  subsequent  handling  experienced  primarily  with  hydride/ 
dehydride  powders  evaluated  in  Phase  I.  The  result  is  that  in  the  future  for  REP 
powders  or  others  of  equivalent  quality,  low  oxygen  will  most  likely  not  be  specified.) 

The  intriguing  question  was  further  pursued  of  why  no  inclusions  were  found  on  the 
fracture  surfaces  of  test  specimens  of  the  Peebles  study:  whereas,  tungsten  (and  alkali 
metal)  inclusions  were  often  found  at  fracture  initiation  sites  of  specimens  of  the 
European  studies  reported  here.  Even  though  Keinath,  et.al.  examined  perhaps  several 
times  the  number  of  fracture  surfaces  (primarily  fatigue  specimens)  than  did  Peebles, 
it  is  unlikely  that  none  would  be  detected  upon  examination  of  some  thirty  specimens 
assuming,  of  course,  that  the  quality  of  the  powder  was  the  same  in  each  study.  It  was 
indicated  during  subsequent  discussion  that  the  disparity  in  high  cycle  fatigue  is  per- 
haps explained  by  specimen  geometry.  In  the  Peebles  study,  rotating  beam  specimens 
with  a minimum  cross-section  at  the  center  (hour  glass  shape)  were  used  thereby  forcing 
the  failure  at  that  location,  the  fracture  surface  of  which  is  less  likely  to  contain 
an  inclusion  in  the  associated  small  central  volume  assuming  a uniform  distribution  of 
defects.  The  Peebles  study  used  parallel-sided  low  cycle  fatigue  specimens  however, 
and  the  results  were  comparable  to  the  results  of  Keinath  and  coworkers. 

With  respect  to  canning  techniques,  discussion  brought  out  that  the  Europeans  have 
evaluated  mild  steel,  titanium  and  some  other  materials  but  detailed  analysis  of  dif- 
fusion zones  and  any  other  effect  the  can  has  on  compact  properties  has  not  been  done  but 
perhaps  should  be  looked  at.  It  was  pointed  out  that  in  studies  at  AFML  using  mild 
steel  cans  and  similar  HIP  cycles  as  those  used  by  Peebles,  the  reaction  zone  depth  in 
the  compacted  powder  is  in  the  order  of  .003-. 005  inches.  Making  the  container  in  an 
economic  way  does  not  appear  to  be  a problem  and  several  proprietary  processes  exist 
with  good  shape  making  capability. 

With  regard  to  purity  level , the  comment  was  made  that  the  powder  producer  is 
blamed  primarily  for  contamination  and  not  the  user  even  though  ample  opportunity  for 
contamination  exists  during  subsequent  handling  and  processing  by  the  user  and  hence  a 
specification  is  needed  to  check  the  quality  of  the  powder  before  it  leaves  the  pro- 
ducer. The  response  was  that  existing  military  specifications  are  close  to  what  must 
be  produced  but  perhaps  not  detailed  enough  to  effectively  cope  with  specific  contamin- 
ation problems  that  have  been  experienced,  namely,  tungsten  in  the  case  of  REP  powders. 

Tooling  needs  for  HIP  were  cited  in  the  presentation  by  Witt  as  a problem;  whereas, 
it  was  commented  that  others  consider  the  less  costly  tooling  requirements  as  an  advan- 
tage of  HIP  powder  metallurgy.  The  response  was  that  indeed  an  advantage  is  shown  in 
the  case  of  HIP,  but  that  at  this  relatively  early  stage  of  development,  it  is  important 

to  get  at  the  tooling  problems  now  to  avoid  lengthy  developments  as  occurred  in  the 

analogous  case  of  diffusion  bonded  component  development. 

Granted  the  undesirable  effects  of  tungsten  on  properties,  and  further,  if  the 
tungsten  is  no  longer  a source  of  contamination  (process  modification  is  currently 
being  attempted  to  eliminate  the  tungsten  electrode  in  REP  powder  production),  then  the 
question  was  where  was  the  response  from  users  indicating  that  the  PM  process  is  a good 
one  and  now  parts  can  be  made  from  powders  as  well  as  wrought  materials.  The  response 
was  that  even  though  a great  deal  of  interest  in  PM  exists  with  aircraft  manufacturers, 
the  designers  and  stress  analysts  must  be  convinced  by  substantial  comparative  data. 

It  was  further  indicated  that  due  mainly  to  the  increasingly  important  role  of  economics 

in  the  production  of  aircraft,  powder  metallurgical  components  will  be  used  in  the 

future  in  place  of  their  wrought  counterparts  where  economically  justified 
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FINAL  SUMMARY 

PART  I - POWDER  PRODUCTION 

by 

P.W.  Sutcliffe 

Chemistry  Division,  A.E.R.E.. 
Harwell,  Oxon . 0X11  ORA,  U.K. 


1 . INTRODUCTION 

A significant  proportion  of  the  papers  and  short  contributions  presented  to  the 
Specialists'  Meeting  were  concerned  with  the  necessary  precursor  of  any  powder 
metallurgical  fabrication  process,  namely  the  production  of  the  powder  itself.  Since 
in  the  planning  of  this  meeting  it  had  been  anticipated  that  the  production  of  titanium 
alloy  powders,  for  fabrication  to  high-integrity,  highly  stressed  aerospace  parts,  was 
a more  critical  area  than  their  nickel  based  counterparts,  rather  greater  emphasis  in 
the  selection  of  presentations  was  given  to  the  processes  relevant  to  titanium  alloys. 

Four  presentations  (PI,  SCI,  SC2  and  SC3)  described  alternative  forms  of 
centrifugal  atomisation  which  currently  is  the  predominant  powder  manufacturing  process 
for  titanium  alloys.  One  paper  (P3),  representative  of  a number  of  sources  capable  of 
meeting  volume  requirements  of  nickel-base  alloy  powders,  described  the  more  established 
technique  of  argon  atomisation.  One  contribution  (SC6)  described  the  alternative 
technique  for  nickel  alloys  already  proven  in  a production  environment,  that  of  vacuum 
atomisat ion . 

The  main  features  of  the  powder  production  processes  described  in  the  meeting,  are 
summarised  in  Table  I.  Although  not  complete  in  all  details,  the  table  provides  a rapid 
comparison  of  many  of  their  similarities  and  differences.  More  specific  comments  on 
the  status  the  various  processes  have  currently  achieved,  their  limitations  and  the 
quality  of  powder  produced,  are  most  conveniently  made  by  consideration  separately  of 
those  applicable  to  titanium  alloys  and  to  nickel  alloys. 

2.  TITANIUM  ALLOY  POWDER  PRODUCTION 

2.1  Processes 

The  reactive  nature  of  titanium  towards  both  interstitial  elements  and  refractory 
crucible  materials  has  led  to  the  development  of  processes  closely  related  to 
conventional  ingot  melting  procedures,  but  incorporating  centrifugal  action  to  break  up 
the  melt  into  discrete  droplets.  Hence  all  four  of  the  titanium  processes  of  Table  I, 
require  the  start  material  to  be  in  solid  electrode  form.  Two  of  these  processes 
(Rotating  Electrode  and  Centrifugal  Shot  Casting)  use  arc  melting  in  an  inert  atmosphere 
and  so  benefit  from  the  reduced  flight  path  required  for  solidification  of  droplets 
provided  by  the  predominant  convective  heat  loss,  although  capable  only  of  maintaining 
the  composition  and  purity  of  the  starting  electrode.  Two  processes  (Electron  Beam 
Rotating  Disc  and  Electron  Beam  Rotating  Electrode)  involve  electron  beam  melting  within 
a high  vacuum  environment;  are  restricted  to  radiation  losses  for  droplet  cooling;  offer 
potential  for  interstitial  refinement,  but  suffer  from  significant  material  loss  or 
composition  variation  by  volatilisation. 

Two  of  the  processes  (REP  and  EBRE)  rotate  the  electrode  whose  tip  is  being  melted 
and  hence  place  more  stringent  requirements  on  the  shape,  straightness  and  integrity  of 
the  electrode.  In  the  CSC  and  EBRD  processes  the  water-cooled  crucible  and  disc 
respectively,  are  rotated  at  high  speeds  not  the  electrode,  and  offer  greater 
flexibility  of  electrode  form. 

The  four  centrifugal  atomisation  processes  differ  more  significantly  in  the  nature 
and  extent  of  powder  contamination  influencing  their  quality  and  also  in  the  present 
stage  of  development  and  progress  towards  volume  production.  The  Rotating  Electrode 
Process  has  clearly  been  used  most  widely  in  titanium  alloy  powder  fabrication  and 
evaluation  programmes.  It  has  the  experience  of  volume  production  in  other  materials 
that  provides  the  capability  to  operate  at  100  tonne  per  annum  per  'long-bar'  machine 
if  the  demand  for  titanium  powders  required  it.  However  all  this  production  experience 
involves  the  use  of  'non-consumable'  tungsten  cathodes  which  can  give  rise  to  the 
presence  of  tungsten  inclusions  within  the  alloy  particles.  Although  apparently 
conflicting  evidence  was  heard  (Pll,  SC8,  SC9 ) of  the  deleterious  effect  upon  fatigue 
properties  of  such  inclusions  in  titanium  alloys,  it  may  be  possible  to  rationalise 
this  conflict  in  terms  of  matrix  strength  sensi  t ivi  t v and  fatigue  specimen  and  test 
differences.  It  is  unlikely  however  that  REP  powders  containing  tungsten  contamination 
will  gain  acceptance  for  use  in  aerospace  applications  and  possible  ways  of  replacing 
tungsten  as  a cathode  material  with  titanium  alloy  are  currently  under  Investigation. 
Until  these  studies  are  complete,  the  Rotating  Electrode  Process  for  high  quality 
titanium  alloy  powder  production  must  be  regarded  as  being  in  a development  phase. 

The  Centrifugal  Shot  Casting  Process,  although  under  investigation  for  a number  of 
years,  has  made  limited  progress  towards  volume  production.  The  present  pilot  plant 
operates  on  a single  electrode  batch  cycle,  and  has  restrictttd  collection  chamber 
dimensions,  leading  to  low  material  throughput  and  utilisation  for  high  tap  density 
spherical  product.  Although  potentially  free  of  contamination  from  process  components, 
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some  instances  of  cross-contamination  (see  Pll)  of  non-titanium  alloys  previously 
processed  have  occurred  due  to  a non-opt imised  chamber  design  for  ease  of  cleaning. 

The  present  equipment  of  the  Electron  Beam  Rotating  Electrode  process  is  clearly  a 
purpose  built  production  unit  capable  of  operating  at  modest  capacity,  almost  10  te/annum 
for  50mm  electrodes,  with  facilities  for  remote  electrode  changing  and  powder  take-off 
without  re-evacuation.  The  small  size  of  each  electrode  is  the  greatest  limitation  to 
increased  scale  and  material  utilisation.  In  addition,  a novel  method  of  achieving 
solidification  to  spherical  particles  within  reasonable  collection  chamber  dimensions, 
using  an  ablat ive  propr  i et  ary  coat ing  on  a cooled  deflector  plate,  requires  exposure  of 
the  impinging  droplets  to  fresh  regions  of  coating  at  successive  intervals.  Such  a 
consumable  coating  offers  a potential  source  of  carbon  pick  up  although  evidence  to  date 
suggests  this  is  insignificant 

The  most  recent  and  least  evaluated  of  the  four  centrifugal  atomisation  processes  is 
the  Electron  Beam  Rotating  Disc  process.  One  critical  aspect  of  this  process  identified 
so  far  is  the  preferential  loss  of  more  volatile  alloying  additions  such  as  aluminium. 
Losses  of  aluminium  from  Ti-6  A1-4V  alloy,  in  excess  of  the  specification  range  have 
been  experienced  during  initial  trials  at  the  present  scale  of  operation,  presumably  due 
to  the  larger  area  of  molten  surface,  and  the  more  extended  time  the  alloy  is  molten  in 
the  drip  melting/disc  atomisation  as  compared  to  earlier  laboratory  experiments  of 
actually  consuming  the  rotating  disc. 

2.2  Conclusions  and  Recommendations 

None  of  the  titanium  alloy  powder  production  processes  has  yet  clearly  demonstrated 
its  capability  of  producing  powder  of  sufficient  quality  to  give  unequivocally 
acceptable  static  and  dynamic  property  levels.  Contamination  of  powders  can  be  divided 
into  categories.  That  which  is  basic  to  the  process  itself  for  which  process 
modifications  are  required  to  eliminate  the  source  of  contamination  That  of  - n 
contamination  of  powders  of  different  composition,  which  in  principle  can  tie  minimised 
by  restriction  of  a particular  atomiser  to  use  for  titanium  alloys  only.  In  practic. 
however  in  a situation  of  insufficient  demand  for  titanium  powders  t <>  eeonomu  a 1 1 > 
monopolise  the  use  of  one  atomiser,  its  elimination  is  less  straightforward  from  a 
powder  producers  viewpoint. 

The  non-destructive  examination  of  powders,  or  destructive  examination  t 
consolidated  powder  samples,  for  quality  control  purposes  to  establish  freedom  li« 
contamination  to  an  acceptable  level  is  one  area  requiring  further  investigate 

With  such  technical  difficulties  still  outstanding,  it  is  prematur*  t.  m-idet 
powder  cost  projections  for  volume  production  or  perhaps  large  capital  investment  i ti 
volume  production  facilities  until  their  solution  has  been  achieved  and  user  onfidenci 
in  acceptable  property  levels  is  established. 

3.  NICKEL  ALLOY  POWDER  PRODUCTION 

3 . 1 Processes 

Although  the  processes,  considered  in  the  last  section  to  be  more  relevant  to 
titanium  alloy  powder  production,  are  inherently  capable  of  application  to  nickel -base 
alloys,  the  economic  penalty  of  the  provision  of  solid  electrode  start  material, 
particularly  in  high  temperature  creep-resistant  alloys,  rules  out  their  us*'  in  volume 
production.  Processes  such  as  argon  atomisation  and  vacuum  atomisation  have  in  general 
reached  a degree  of  development,  as  demonstrated  by  acceptable  powder  quality  and 
property  levels  in  production  quantities,  for  them  to  he  more  established  processes. 

Argon  atomisation,  as  illustrated  by  the  new  integrated  powder  production  and 
consol  i flat  ion  facilities  of  Henry  Wiggin  and  Co.  (P3),  is  the  more  prevalant  of  the 
two  processes  with  a number  of  production  facilities,  part icu lar 1 y in  the  USA.  Earlier 
problems  of  restriction  of  grain  growth  by  prior  particle  boundary  phases,  though  not 
specific  to  argon  atomised  nickel  alloy  powders,  were  a consequence  of  their  metastable 
state  as  produced,  and  have  been  overcome  by  modifications  to  the  alloy  chemistry  and 
consolidation  conditions.  Difficulties  of  elevated  temperature  induced  porosity, 
caused  by  argon  filled  pores  within  the  larger  particle  sizes  of  the  distribution  of 
sizes  normally  produced  by  argon  atomisation,  were  experienced  These  have  been 
eliminated  by  restricting  the  useful  portion  of  the  total  size  distribution  to  be  less 
than  150  or  180um  particle  size  where  argon  levels  of  *2ppm  are  found  to  be  acceptable 
(see  P3).  Clearly  this  places  a limitation  on  material  utilisation  of  the  argon 
atomisation  process.  Inert  gas  handling  facilities  have  been  adopted  between 
atomisation  and  encapsulation.  Though  not  fully  proven  to  he  entirely  necessary,  they 
are  probably  an  advisable  precaution  because  of  the  increased  proportion  of  finer 
particle  sizes  below  -50pm  that  are  present  in  argon  atomised  as  compared  to 
cent  r i fuga  1 ly  atomised  powders.  Tramp  element  contents,  that  could  be  ml  |p,  ic  ,.q  pv  , ru, 
Interactions  and  nozzle  erosion,  appear  to  be  capable  of  being  controlled  within 
acceptable  levels. 

Vacuum  atomiBat ion . a process  unique  to  Homogeneous  Metals,  In*'  (306),  ha  been 
shown  to  produce  acceptable  powder  at  comparable  cost,  that  behaves  on  fabrication  with 
almost  indistinguishable  similarity,  to  argon  atomised  powder.  It  is  immune  to  argon 
filled  porosity  difficulties.  The  finer  size  distribution  makes  it  even  more  vital  to 
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handle  under  high  purity  inert  gas  cover.  It  was  claimed  that  vacuum  atomisation  offers 
potential  advantages  over  alternative  processes  in  that  it  is  capable  of  producing 
extremely  fine  particle  sizes  ( -10um  mean  diameter).  This  was  considered  important  in 
future  alloy  development,  in  which  retention  in  solution  of  increased  contents  of 
hardening  elements  may  be  achieved  by  higher  solidification  rates.  The  vacuum 
environment  providing  radiative  cooling  only,  may  partially  nullify  this  potential 
advantage  as  compared  to  rather  coarser  sizes  cooled  in  an  inert  atmosphere  environment 
(see  SC3),  unless  the  residual  hydrogen  content  of  the  cooling  environment  provides 
significant  convective  cooling. 

3.2  Cone lusions  and  Recommendations 


Argon  and  Vacuum  Atomisation  processes  are  well  established  nickel-base  superalloy 
powder  production  processes.  No  serious  technical  limitations  have  so  far  been 
identified  that  are  likley  to  usurp  their  present  position.  Three  sources  of  such 
powders  are  currently  fully  qualified  to  produce  powders  for  flight  quality  powder 
billets  (P5). 

Their  present  price  range  of  $7-12/lb.  together  with  the  significant  materials 
and  processing  savings  offered  by  powder  fabrication  routes,  make  them  economically 
viable  in  high  performance  military  aeroturbines.  The  potential  for  reducing  powder 
costs  with  increased  market  volume  and  possibly  scrap  re-utilisation  will  dictate  their 
penetration  into  civil  aircraft  applications. 

Adequate  capacity  to  meet  projected  early  1980 's  demand  for  nickel  alloy  powders 
is  already  available.  One  twist  of  fate  that  results  from  the  major  advantage  of  P/M 
processing,  namely  improved  material  utilisation,  may  lead  to  a situation  of 
overcapacity  unless  alternative  outlets  for  P/M  nickel-super  alloys  can  be  found  or 
alternatively  use  of  P/M  facilities  in  other  compatible  nickel  containing  alloy  fields 
can  be  increased. 
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I.  INTRODUCTION 

The  rapid  advancement  In  powder  metallurgy  (PM)  for  aerospace  applications  in  recent  years  has  been 
due  primarily  to  the  availability  of  acceptable  quality  powders  at  reasonable  prices;  and  secondarily,  to 
the  development  of  consolidation  techniques  which  lend  themselves  readily  to  scale-up  for  low-cost  manu- 
facturing. The  state-of-the-art  for  both  titanium  and  superalloy  powder  production  techniques  was  dis- 
cussed In  the  previous  summary.  The  state-of-the-art  for  consolidation  and  associated  processing  tech- 
niques will  be  discussed  In  this  summary. 

The  format  of  this  meeting  was  established  to  folio*  a logical  sequence,  beginning  with  powder  pro- 
duction methods  and  ending  with  consol Idation  methods.  This  was  accomplished  through  specific  papers  and 
short  contributions  by  the  various  authors  on  the  results  of  their  efforts  in  the  consolidation  of  both 
titanium  and  superalloy  powders. 

This  discussion  Is  organized  to  follow  the  same  general  sequence  from  the  handling  of  powder,  through 
consolidation,  and  to  evaluation  of  the  final  products  where  all  of  the  contributions  will  be  Integrated 
into  an  assessment  of  the  technology.  Conclusions  are  drawn  as  to  the  state-of-the-art  of  powder  consoli- 
dation into  usable  shapes  and  finally,  recommendations  are  made  for  future  activities. 

II.  DISCUSSION 

For  the  purpose  of  this  discussion,  the  technology  of  powder  consolidation  leading  to  finished  com- 
pacts has  been  divided  Into  five  distinct  stages.  They  are:  (1)  powder  handling,  (2)  canning  techniques/ 

procedures,  (3)  consolidation  techniques,  (4)  secondary  processing,  and  (5)  post  compaction  thermal  treat- 
ments. Furthermore,  the  evaluation  of  the  final  consolidated  product  has  been  separated  into  three  dis- 
tinct areas  of  concern.  Continuing  then,  these  are:  (6)  nondestructive  evaluation,  (7)  mechanical  proper- 
ties, and  (8)  process  economics.  Each  of  these  areas  will  be  discussed  with  reference  being  made  to 
papers  and  short  contributions  presented  at  this  meeting.  These  areas  will  be  discussed  in  the  order  that 
they  are  listed  above. 

1 . Powder  Handling 

Powder  handling  Is  vital  to  the  production  of  consolidated  products  that  have  acceptable  proper- 
ties. The  Inclusion  type  of  contamination  In  the  consolidated  product  was  noted  by  several  contributors 
for  both  superalloy  products  (P7)(Note  1)  and  titanium  products  (PH,  SC8,  SC9).  Most  of  the  contamina- 
tion could  be  attributed  to  the  powder  production  process  through  cross-contamination  (use  of  the  same 
facility  for  the  production  of  more  than  one  type  of  powder)  or  through  the  Inherent  nature  of  the  process 
- - tungsten  contamination  In  the  REP  process  for  titanium  (SCI).  However,  the  distinct  possibility 
exists  that  the  powder  could  become  contaminated  after  its  manufacture.  Particulate  matter  from  the 
atmosphere  (If  air  handled),  foreign  matter  from  screening,  storage,  degassing,  canning  or  other  non- 
dedlcated  facilities  required  for  processing  the  powder  could  harbor  additional  sources  of  contamination. 

Gaseous  contamination  poses  another  problem  for  PM  technology  in  that  powder  has  a relatively  high 
surface  to  volume  ratio  which  permits  the  absorption  of  significant  quantities  of  surface  gases.  Ex- 
perience has  been  varied  with  respect  to  atmospheric  exposures.  Fiedler  (P4B)  reported  that  air  handling 
of  PA101  posed  no  unusual  problems  In  As-HIP-and-heat-treated  products,  whereas  Evans  (P4A)  reported  the 
lack  of  forgeability  In  LC  Astroloy  unless  extreme  measures  were  taken  to  either  vacuum  handle  or  hot 
dynamic  vacuum  outgas  prior  to  consolidation.  A point  of  agreement  was  that  Inertly  (argon  gas)  handled 
powder  must  be  outgassed  to  preclude  the  possibility  of  thermally  Induced  porosity  (TIP)  In  the  micro- 
structure during  post-consolidation  thermal  treatments.  Symonds  (P3)  reported  that  argon  analysis  of  HIP 
compacts  Is  a good  technique  for  validating  that  compact  full  density  has  been  achieved,  thus  precluding 
the  possibility  of  TIP.  Generally,  the  consensus  was  that  Inert  handling  of  superalloy  powder  Is  the  most 
reasonable  approach.  This,  In  turn,  requires  outgasslng  procedures  to  preclude  TIP. 

Powder  handling  requirements  are  less  well  defined  for  titanium.  Both  Keinath  (SC8)  and  Peebles  (SC9) 
examined  powder  handled  In  various  ways;  Including  vacuum,  Inert  gas  (argon)  and  air,  with  conflicting 
results.  Peebles  concluded  that  air  handling  REP  titanium  powder  was  an  acceptable  procedure.  On  the 
other  hand,  Keinath  concluded  that  Inert  gas  handling  Improved  fatigue  and  possibly  other  mechanical  proper- 
ties. However,  early  fatigue  failures  In  REP  powder  due  to  nonmetalllc  inclusions  of  unknown  origin 
suggest  that  handling  may  be  critical.  It  can  be  concluded,  therefore,  that  there  Is  a need  for  additional 
work  in  the  area  of  titanium  PM  processing. 


Note  1:  Refers  to  numbered  Papers  (P)  and  Short  Contributions  (SC) contained  In  this  Report. 


2.  Canning  Techniques 


Suitable  low-cost  and  reproducible  canning  techniques  are  essential  to  the  consolidation  of 
powder  Into  fully-dense,  usable  products  regardless  of  the  consolidation  technique  used.  Several  canning 
techniques  were  presented  at  this  meeting.  Mild  steel,  and  In  some  Instances  stainless  steel,  canning 
techniques  were  the  most  widely  used  for  both  titanium  and  superalloys.  In  most  cases,  the  cans  were 
simple  cylindrical  shapes;  as  described  by  Blenklnsop  (Pll),  Allen  (P5),  Symonds  (P3),  lescop  (P8)  and 
Betz/Huff  (P7).  Symonds  (P3)  also  discussed  spinning  and  superplastic  forming  of  more  complex  (sonic  out- 
line) steel  cans  for  producing  disks  up  to  40  cm  In  diameter.  Fiedler  (P4B)  discussed  and  showed  a fully- 

dense  and  complex  28  cm  diameter  disk  made  by  a proprietary  ceramic  mold  technique  developed  In  the 
United  States.  Fiedler  Indicated  that  the  process  was  both  low-cost  and  reproducible.  Likewise,  Keinath 
(SC8)  showed  photographs  of  several  complex  titanium  airframe  structural  parts  made  by  a proprietary 
European  process  which  consists  of  electroforming  nickel  on  master  forms.  Keinath  indicated  that  the 
process  was  within  the  state-of-the-art,  with  complex  shapes  posing  no  major  problems  for  them.  Mazzei/ 
van  Orunnen(SC7)  showed  results  of  the  technique  that  they  used  in  which  stainless  and  low-carbon  steel 

sheet  was  formed  Into  complex  airfoil  shapes  for  subsequent  powder  consolidation. 

Other  canning  techniques,  such  as  the  "Glass  Bag"  technique  of  Kelsey-Hayes  (US)  and  the  "Quick  HIP" 
technique  of  Snecma  (France)  were  mentioned  but  no  details  were  provided. 

In  large  measure,  the  potential  economics  of  PM  are  tied  to  the  development  of  low-cost,  reproducible 
canning  techniques  which  will  result  In  parts  which  are  near  to  net  shape  (i.e.  buy-to-fly  ratios  of  less 
than  2:1).  Therefore,  considerable  effort  should  be,  and  is  being,  expended  to  develop  reproducible  and 
economical  canning  techniques  that  will  yield  near  to  net  shape  parts  with  a minimum  of  surface  contamina- 
tion. 


3.  Consolidation 

Although  several  consolidation  methods  were  discussed,  the  primary  emphasis  at  this  meeting  was 
on  Hot  Isostatic  Pressing  (HIP).  HIP  technology  Is  being  evaluated  in  almost  every  NATO  country  (in  11 
papers)  for  potential  application  to  the  production  of  powder  metallurgy  parts  for  aerospace  components. 
Other  consolidation  techniques  discussed  were  extrusion  (P5.P7),  slnter-plus-HIP  ( P4B ) , press-and-sinter 
(P12)  and  explosive  compaction.  (Note  2). 

One  paper  (P2)  and  two  short  contributions  (SC4.SC5)  were  given  which  dealt  with  general  HIP  tech- 
nology and  equipment/economics,  respectively.  These  contributions  pointed  out  several  reasons  why  HIP 
technology  is  receiving  so  much  attention  today.  First,  the  technique  is  simple  in  concept  and  is  rela- 
tively low  cost.  Both  Larker  (SC4)  and  Smith  (SC5)  Indicated  HIP  costs  in  the  order  of  $.20  to  $1.00 
(U.S.)  per  Kg,  depending  on  the  kind  of  HIP  facility  used.  Thus,  the  process,  when  used  In  conjunction 
with  a variety  of  canning  techniques,  has  demonstrated  the  capability  of  producing  complex  parts  at  con- 
siderable cost  savings  when  compared  with  conventional  processing  techniques. 

The  HIP  process  is  versatile  In  that  it  can  be  used  for  producing  any  product  configuration  from 
simple  billet  stock  for  conventional  processing  to  shaped  preforms  for  subsequent  forging  and  complex 
near-net  shapes  which  do  not  require  further  metal  working.  The  numerous  approaches  that  can  be  taken 
in  producing  parts  by  the  HIP  process  were  discussed  in  detail  by  both  Symonds  (P3)  and  Arnold  (P6).  HIP 
is  also  versatile  since  it  can  be  used  for  any  alloy  system  or  composite  systems.  An  example  is  the  work 
done  by  Mazzel /van  Drunnen  (SC7)  to  produce  superalloy  matrix/tboriated  tungsten  composite  shapes.  Also, 
HIP  processing  has  demonstrated  a capability  to  produce  parts  which,  in  many  Instances,  have  properties 
equivalent  to  their  wrought  counterparts ; as  will  be  discussed  later. 

HIP  technology  Is  currently  used  in  production  by  Crucible  in  the  U.S.  and  Stora/Kopparburg  In  Europe 
(SC5)  for  producing  high  grade  tool  steels.  The  technology  application  is,  therefore,  a proven  produc- 
tion process  and  the  equipment  has  been  shown  to  be  capable  of  sustained  production  usage.  Several 
approaches  to  HIP  systems  were  discussed,  from  cold  load/cold  unload  to  hot  load/hot  unload.  It  was  gener- 
ally concluded  that  the  high  cost  of  capitalization  for  either  type  of  system  and  the  supportive  equipment 
warrants  a close  examination  of  the  potential  usage  and  throughput  before  selection  of  a given  system 
is  made. 

The  extrusion  process  is  used  to  consolidate  cylindrical  billet  stock  which  is  subsequently  isotherm- 
ally  forged  to  produce  parts.  This  technology  is  currently  being  used  by  Pratt  and  Whitney  Aircraft  (P&WA) 
for  the  production  of  IN-100  turbine  engine  parts  for  the  F 1 00  engine.  Allen  (P5)  reported  that  P&WA  pro- 
duction and  service  experience  with  the  extruded/isothermally  forged  approach  was  excellent.  Work  on 
extrusion  of  PM  products  was  also  reported  by  Betz/Huff  (P7)  for  IN-100  and  U-700  and  Grapier,  et.  al. 

(P10)  for  cobalt  base  alloys.  However,  Drapier  subsequently  worked  the  alloys  by  swaging  and  rolling 
rather  than  extrusion. 

The  slnter-plus-HIP  approach  (P4B)  appears  to  be  a novel,  low-cost  method  for  the  production  of  small 
superalloy  parts  such  as  turbine  buckets.  The  process  is  rather  new  and  hasn't  been  fully  evaluated  for 
part  properties,  shape  making  capability  or  economics,  but  looks  promising  for  the  future. 

The  press-and-sinter  approach  was  discussed  by  Witt  (P12)  as  applied  to  titanium.  Several  different 
kinds  of  titanium  powder,  such  as  the  blended  elemental  and  hydride-dehydri de , were  examined  in  this  effort. 
The  approach  has  found  little  support  for  the  production  of  primary  structure  but  may  hold  some  promise  in 
the  future  for  non-structural  or  secondary  structural  parts  due  to  the  potential  economic  advantages  in- 
herent in  the  process  - - such  as  high  production  rates  and  low  input  material  costs. 

Both  Kellerer  and  Geisendorfer  reported  work  done  to  compact  titanium  powders  Into  billet  stock  by 
explosive  techniques.  The  results  suggest  that  some  potential  may  exist  for  this  method,  although  further 
work  must  be  done  to  establish  it  as  a viable  process. 

Note  2:  Comments  from  the  floor  by  Kellerer  (Germany)  and  Geisendorfer  (US), 
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4.  Secondary  Metalworking 

For  superalloys,  conventional  and  Isothermal  forging  of  HIP  preforms  and  billet  stock  have  been 
extensively  evaluated.  Likewise,  the  forging  of  extruded  billet  stock  has  also  been  extensively  evaluated. 
'Symonds  (P3),  Evans  ( P4A ) , Arnold  (P6),  Betz/Huff  ( P7 ) , Lescop  (P8)  and  Wallace  (P9)  all  reported  on  work 
done  with  HIP-plus-forged  products.  Allen  (P5),  and  Betz/Huff  (P7)  reported  work  done  on  extruded-plus- 
forged  products,  while  Drapier  (P10)  worked  with  extruded-plus-swaged  and  extruded-plus-rol led  material. 
Discussion  brought  out  that  unless  a superalloy  powder  compact  is  fully  dense  to  begin  with,  subsequent 
metalworking  will  not  satisfactorily  close  nor  metallurgically  heal  porosity.  Apart  from  that  considera- 
tion, it  was  shown  that  PM  preforms  or  billets  are  easily  worked  by  conventional  method*  and  properties 
equivalent  to  wrought  are  attainable.  Furthermore,  the  state-of-the-art  has  advanced  to  the  point  where 
some  PM-plus-secondary-metalworked  products  are  being  used  in  major  engine  structural  applications  in  the 
U.S.  Isothermal  forging  of  extruded  IN-100  powder  billet  is  a current  production  process  for  major  rotat- 
ing structural  parts  in  the  FIDO  engine,  while  conventional  forging  of  HlP-consolidated  Astroloy  powder 
preforms  has  been  qualified  for  use  on  the  TF30  engine.  In  both  instances,  the  use  of  the  PM  approach  has 
resulted  in  considerable  savings  in  both  material  and  cost. 

Peebles  (SC9)  and  Blenkinsop  ( PI  1 ) both  reported  the  results  of  conventional  forging  work  done  on  HIP 
Ti-6A1-4V  preforms  and  billet  stock,  respectively.  Neither  contributor  noted  any  unusual  problems  en- 
countered during  secondary  metalworking  which  would  suggest  any  problems  in  working  HIP  titanium  powder 
products. 

In  summary,  a variety  of  deformation  techniques  were  reported;  none  of  which  experienced  . ,y  difficul- 
ty in  working  any  of  the  various  alloys  and  alloy  systems.  It  is  therefore,  concluded  that,  for  pm  pro- 
ducts consolidated  to  full  density  material,  deformation  behavior  is  predictable  and  similar  to  that 
expected  from  conventionally  processed  material  with  similar  metallurgical  structures. 

5.  Post-Compaction  Thermal  Treatments 

Wallace  (P9)  indicated  that  partitioning  of  MC  type  carbides  to  the  surface  of  superalloy  powder 
particles  occurs  during  solidification.  This  behavior  requires  subsequent  processing  of  the  powders  dur- 
ing both  consolidation  and  secondary  metalworking,  with  close  attention  given  to  the  specific  thermal  and 
thermo-mechanical  cycles  during  processing  to  insure  that  desired  microstructures  are  obtained  in  the 
final  product.  Betz/Huff  (P7)  reported  on  an  effort  directed  at  integration  of  the  thermal  cycles  to  pro- 
duce compacts  with  acceptable  properties.  Although  this  work  has  been  discussed  by  the  other  participants, 
little  additional  information  was  presented  and  not  much  discussion  was  directed  at  the  subject  area. 

It  is,  therefore,  presumed  that  for  most  Individuals  in  this  area,  sufficient  importance  has  been 
emphasized  in  the  early  stages  of  their  development  of  the  technology  with  little  additional  discussion 
at  this  meeting.  It  Is  apparent  however,  that  as  the  consolidation  technologies  continue  to  evolve;  such 
as  hot  load/unload  vs  cold  load/unload  HIP  cycles,  canning  method  variations,  secondary  metalworking  im- 
provements, powder  production  methods  and  alloy  modifications;  the  consolidation  and  thermo-mechanical 
cycle  will  continue  to  require  considerable  effort  in  order  to  produce  metallurgically  stable  products 
with  desired  mechanical  properties. 

6.  Nondestructive  Inspection  Techniques 

It  is  apparent  from  the  complex  As-HIP  shapes  shown  by  Fiedler  (P4B),  Keinath  (SC8)  and  Witt  ( PI 2 ) 
that,  as  pm  technology  moves  toward  the  production  of  near-net  shapes  which  are  inside  the  conventional 
ultrasonic  envelope”  capability  and  nonrectil 1 near  In  shape,  NDI  will  be  the  limiting  factor  for  the 
future  use  of  such  complex  parts  in  critical  applications.  Fiedler  indicated  that  the  shapes  he  presented 
were  too  complex  to  be  adequately  inspected;  and  In  production,  the  shape  would  have  to  be  modified  to  acom- 
modate  current  capability.  The  complex  spun  cans  shown  by  Symonds  (P3)  were  made  to  the  sonic  shape  for 
inspection  purposes,  and  apparently  could  have  been  a more  complex  shape  If  it  were  not  for  the  NDI  shape 
restrictions.  Symonds  and  Arnold  (P6)  both  concur  and  place  additional  work  on  net  shape  NDI  high  on  their 
priority  list. 

In  Mr.  Peterson's  keynote  address,  he  summarized  the  need  for  Improved  NDI  techniques  as  a two-fold 
problem.  First,  there  is  a need  to  develop  more  sophisticated  ultrasonic  test  methods  which  reduce  or 
eliminate  the  dead  zone  at  the  surface  of  part  and  can  Inspect  non-recti  11  near  parts  including  non-parallel 
surfaces,  undercuts  and  sharp  radii.  Also,  multi-axis  tracking  systems  must  be  adapted  to  NDI  equipment 
for  automated  Inspection  of  complex  shapes. Computer  techniques  also  need  to  be  established  for  analysis  of 
the  data  generated  during  parts  inspection.  Secondly,  NDI  techniques  are  "seeing"  defects  which  are  much 
smaller  than  can  be  observed  In  conventional  wrought  products  due  to  greater  "transparency" ; which  is 
attributed  to  more  uniform,  fine-grained  microstructures.  Therefore,  the  need  exists  for  establishing  new 
accept/reject  criteria  for  PM  products  which  is  not  excessive  and  hence,  overly  restrictive. 

In  sumary,  the  technology  for  making  complex  shapes  by  PM  techniques  has  surpassed  the  ability  to 
adequately  inspect  them  for  use  in  critical  applications.  Therefore,  in  order  to  derive  full  economic 
benefit  of  PM  technology,  NDI  techniques  must  be  advanced  for  the  inspection  of  complex,  near-net  shapes. 
This  will  doubtless  be  the  pacing  item  for  the  near  future  introduction  of  critical,  net-shape  PM  compo- 
nents in  the  aerospace  industry. 

7.  Mechanical  Properties 

A great  deal  of  discussion  was  generated  by  the  large  amount  of  property  data  on  PM  products 
processed  by  the  various  methods  described  at  the  meeting.  With  regard  to  HIP,  data  was  presented  for  As- 
HIP  products  as  well  as  HIP-plus-secondary-metalworkIng  processes. 

For  superalloys,  it  was  generally  reported  that  PM  properties  were  somewhat  less  than  their  wrought 
counterparts.  For  this  reason,  Wallace  (P9)  suggested  that  the  best  near-term  application  for  HIP  super- 
alloys is  the  production  of  forging  preforms.  Others  indicated,  that  for  many  applications,  high  grade 
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superalloys  (such  as  Astroloy,  Reni  95  and  PA 101)  could  be  As-HIP  produced  to  near-net  shapes  and  sub- 
stituted for  lower  grade  alloys  (such  as  Waspaloy,  IN-718  and  D-979  respectively)  at  substantial  cost  sav- 
ings. 


Properties  of  HIP-plus-secondary-metalworkIng  (forging)  were  reported  by  Evans  ( P4A ) , Symonds  (P3), 
Arnold  (P6)  and  Lescop  (P8)  to  meet  or  exceed  conventional  product  properties.  Symonds  further  noted  out- 
standing low-cycle  fatigue  properties  in  APK1  (modified  Astroloy). 

Betz/Huff  (P7)  evaluated  both  extrude-plus-forge  and  HIP-plus-forge  properties  for  IN-100  and  U - 700 . 
Their  work  led  them  to  conclude  that  superalloys  must  be  worked  to  obtain  properties  equivalent  to  wrought 
products.  However,  they  believed  that  additional  work  was  needed  In  alloy  modification  and  process 
optimization  to  achieve  these  goals. 

Allen  (P5)  indicated  that  extruded-plus-isothermal -forged  properties  of  IN-100  were  acceptable  and 
that  service  experience  with  this  alloy  was  excellent. 

Properties  reported  for  PM  titanium  alloys  were  equivalent  to  their  wrought  counterparts  with  the 
exception  of  smooth  low-cycle  and  high-cycle  fatigue  properties  as  reported  by  Keinath  (5C8)  and 
Blenkinsop  ( PI  1 ) . Both  reported  low  values  and  scattered  results  which  were  attribute^  to  inclusions 
(both  tungsten  and  nonmetallic  type)  at  the  fracture  origins. 

Peebles  (SC9),  on  the  other  hand,  showed  acceptable  low-cycle  and  high-cycle  fatigue  results.  How- 
ever, his  results  were  rationalized  as  due  to  the  low  oxygen  content  (600  PPM)  of  the  selected  powder  and 
heat-treat  condition  of  the  compacts;  as  well  as  the  hourglass  specimen  configuration  in  the  case  of  high- 
cycle  fatigue.  Both  Keinath  and  Blenkinsop  tested  material  in  the  STA  condition,  while  Peebles  conducted 
his  tests  on  fully  annealed  material.  Peebles  did  Indicate  that  he  had  also  observed  inclusions  In  the 
titanium  compacts,  but  that  no  failures  could  be  attributed  to  these  inclusions.  It  was  generally  agreed 
chat  the  primary  difficulty  remaining  with  titanium  PM  Is  powder  cleanl iness.  Wi th  the  anticipation  of 
a near-term  solution  to  this  problem,  near-net  HIP  titanium  parts  for  primary  structural  applications  will 
soon  be  a reality. 

8.  Economics 

Much  of  the  discussion  centered  around  the  potential  economics  of  PM  technology.  It  was  generally 
agreed  that  significant  cost  savings  potential  exists  through  many  of  the  possible  PM  processing  methods. 

If  the  "consolidate  to  preform  plus  forge"  method  Is  considered,  savings  accrue  from  the  requirement  for 
less  material  and  fewer  forging  steps  in  order  to  achieve  an  equivalent  end  product  when  compared  to 
conventional  processing.  Symonds  (P3)  indicated  a 1 0-40%  cost  reduction  possible  by  this  method.  Arnold 
(P6)  was  somewhat  more  optimistic,  indicating  a 30-40%  cost  savings  potential.  The  "consolidate  to  near- 
net  shape"  method  is  believed  to  have  the  greatest  cost  savings  potential,  since  in  addition  to  signifi- 
cant materials  savings,  secondary  operations  are  completely  eliminated  and  machining  cost  Is  reduced 
significantly,  with  little  or  no  machining  required.  Symonds  anticipated  a 50-60%  cost  reduction  poten- 
tial via  this  method,  whereas  Arnold  anticipated  a 45-80%  savings  by  this  same  method. 

For  titanium  alloys,  Peebles  (SC9)  reported  that  their  cost  analysis  showed  a savings  of  about  15% 
for  the  "HIP  preform  plus  forge"  method.  Keinath  (SC8)  Indicated  that  considerable  cost  savings  are 
possible  for  titanium  parts  which  presently  require  "large  amounts  of  machining". 

Ill  CONCLUSIONS 

It  has  been  demonstrated  that  HIP  technology  is  capable  of  producing  titanium  and  superalloy  powder 
compacts  to  full  density.  The  process  Is  generic  and  has  significant  potential  for  the  production  of 
critical  parts  for  aerospace  applications. 

Powder  handling  techniques  are  critical  to  the  production  of  acceptable  compacts.  The  potential  for 
cross-contamination  or  degradation  of  properties  due  to  adsorbed  gases  dictates  that  either  inert  gas 
handling  with  advanced  outgassing  techniques  be  utilized  or  that  powder  be  vacuum  handled  to  preclude 
adsorbed  gas  problems. 

Canning  techniques  are  rapidly  advancing,  resulting  In  the  manufacture  of  complex  net  shapes  in  both 
titanium  and  superalloys.  However,  additional  work  is  required  to  extend  the  techniques  Into  production 
practice,  demonstrate  reproducibility  and  validate  potential  economics. 

Of  the  many  PM  processing  methods,  HIP  technology  appears  to  be  the  nearest-term  process  with  pro- 
duction potential  for  aerospace  applications.  The  process  is  versatile  and  can  be  used  for  the  produc- 
tion of  billet,  forging  preforms  and  net  shapes.  As-HIP-plus-heat-treated  superalloy  products  show  good 
properties  but  slightly  less  than  wrought  products.  The  highest  grade  superalloys  (IN-100,  Astroloy, 

Ren6  95)  have  Improved  properties  over  lower  grade  alloys  (Waspaloy,  IN-718  and  D-979)  and  could  be 
directly  substituted  as  near-net  shapes  with  economic  advantages.  As-HIP-plus-heat-treated  titanium 
alloys  show  equivalent  properties  compared  to  wrought  products,  with  the  exception  of  fatigue.  Most  PM 
product  premature  fatigue  failures  can  be  attributed  to  inclusions  in  the  powder.  With  the  advent  of 
"clean"  titanium  powder,  it  is  anticipated  that  PM  titanium  allots  can  be  used  as  direct  substitutes 
for  their  wrought  counterparts. 

Non-destructive  inspection  of  PM  products  looms  as  the  greatest  near-term  barrier  to  fhe  use  of 
complex  near-net  or  net  shapes.  The  current  NDI  technology  limits  shapes  to  being  rectilinear  with 
envelopes  of  greater  than  .100  Inch  (.25  cm). 

The  potential  cost  reductions  for  superalloys  were  reported  as  10-40%  for  forging  preforms  and  30-80% 
for  net  shapes.  The  cost  savings  potential  for  titanium  alloys  was  somewhat  less,  but  still  significant, 
at  15%  for  forge  preforms  and  greater  than  35%  for  net  shapes. 
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IV.  RECOMMENDATIONS 

As  a result  of  the  powder  consolidation  developments  presented  and'  <J1  scussed  at  this  meeting,  the 
following  recommendations  are  made: 

1.  Efforts  should  continue  to  establish  HIP  technology  as  a viable  PM  part  production  technique  for 
aerospace  applications. 

2.  Developments  In  canning  technology  should  continue,  with  the  reproducibility  and  potential 
economics  of  the  more  sophisticated  net  shape  canning  technologies  validated. 

3.  Outgasslng  techniques  should  be  refined  to  assure  that  low  cost,  effective  methods  are  available 
for  removing  adsorbed  gases  from  powder. 

4.  Effort  should  be  devoted  to  the  NDI  of  complex  net  shapes  In  order  to  achieve  the  maximum 
economic  benefits  possible  with  PM  products. 

5.  Efforts  should  continue  for  Improving  the  fatigue  performance  of  PM  titanium  alloys.  Hopefully, 
this  will  result  from  Improved,  high  quality  powders. 

6.  PM  parts  must  be  produced  and  flight-tested  to  verify  their  usefulness  and  reliability.  Suf- 
ficient data  must  be  generated  to  provide  designers  with  "allowables"  properties.  Specifica- 
tions must  be  written  for  both  powder  material  production  and  processing. 

7.  New  or  Improved  alloys  should  be  developed  and  tailored  to  the  PM  process,  since  PM  alloys  would 
not  be  limited  by  constraints  of  being  either  "castable"  or  "workable". 

8.  The  adaptation  of  advanced  PM  techniques  to  the  production  of  metal  matrix  composite  structures, 
or  other  "engineered"  systems,  should  be  pursued  to  take  full  advantage  of  the  versatility  of  the 
PM  process. 

9.  Research  and  development  of  a more  fundamental  nature  should  be  pursued  to  Increase  our  under- 
standing of  the  deformation  mechanisms  of  specific  alloy  systems  occurlng  during  compaction,  as 
well  as  the  metallurgical  effects  occurlng  during  and  after  consolidation.  This  will  assist  In 
the  selection  of  optimum  processing  cycles. 

10.  Workers  In  PM  technology  should  stay  abreast  of  other  competing  technologies  currently  being 

developed  In  order  to  best  assess  the  competitive  position  that  PM  technology  does  (and  will)  have 
in  the  future.  Competitive  technologies  being  established  Include  advanced  structural  castings, 
dual  alloy  concepts  for  disks  and  blades,  and  complex  built-up  structures  utilizing  diffusion 
bonding,  superplastic  forming  or  other  approaches. 
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14  Xhstraet 

I he  purpose  ot  this  meeting  was  to  consider  the  economic  achievements  of  powder  metallurgy 
techniques  as  well  as  the  technological  techniques  Cost  reduction  and  improved  materials 
qualities  were  given  equal  priority. 

The  first  part  ot  the  proceedings  was  concerned  with  powder  production.  Four  different 
processes  ot  centrifugal  atomization  techniques  for  manufacture  of  titanium  alloys  were 
presented  together  with  descriptions  ol  Argon  and  vacuum  atomization  processes  for  nickel 
base-  superalloys. 

Ihe  second  part  reported  on  the  state-of-the-art  ol  techniques  for  consolidation  of  titanium 
and  superalloy  powders  to  near  net  shapes,  discussion  also  included  all  stages  of  the  production 
sequence  powder  handling,  canning  techniques,  consolidation,  secondary  metal-working 
and  thermal  treatments. 

Recommended  areas  for  further  K & I)  work  were  discussed 
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The  first  part  of  the  proceedings  was  concerned  with  The  first  part  of  the  proceedings  was  concerned  with 

powder  production.  Four  different  processes  of  powder  production.  Four  different  processes  of 


